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Reference Tables for 40 Percent Iridium-60 Percent 
Rhodium Versus Iridium Thermocouples * 


G. F. Blackburn and F. R. Caldwell 


(June 6, 1961 


In a program to establish reference tables for several alloys of iridium and rhodium 
igainst iridium, the work has been completed on 40 percent iridium-60 percent rhodium. 
Tables have been prepared giving emfs for temperatures in degrees Fahrenheit from 32 °F 
to 3,800 °F and in degrees Celsius (centigrade) from 0 °C to 2,100 °C, and temperatures in 
these units with emf in millivolts as the argument. 

The emf is 11.6 millivolts at 3,800 °F. The thermoelectric power averages 3.1 micro- 
volts per °F, and is within 0.1 microvolt of this value between 500 °F and 3,000 °F. It 
increases somewhat at temperatures above 3,000 °F 

Measurements at temperatures 32 °F to 2,500 °F were made in a platinum-wound 
furnace of conventional design, using a Pt-10 percent Rh versus Pt thermocouple to measure 
temperature. From 1,950 °F to 3,800 °F (thus overlapping the upper end of the lower 
range), the furnace used was an iridium block heated by electric induction. Blackbody 
conditions prevailed in the cavity in which the test thermocouple was inserted, and enabled 
measurement of the temperature with an optical pyrometer 

Good agreement between the data obtained in the overlapping parts of the platinum 
ind optical pyrometer ranges (1,950 °F to 2,500 °F) established confidence in the temperature 
measurements with the optical pyrometer above 2,500 °F. 

In both furnaces, helium surrounded the thermocouple junctions. The gas was dried 
by passing it through a trap immersed in liquid nitrogen. 

Thoria and bervllia were used as thermal and electrical insulation in the high tem- 
perature range While the electrical resistivity of these materials becomes relatively le 
it high temperatures, it did not become so low as to cause appreciable error in emf measure- 
ments More serious was the introduction into the measuring circuit of a spurious emf, 
associated with the strong rf field and believed to be due to a rectifying property possessed 
by the insulators at high temperature. It was present in varying degrees, sometimes not 
at all. Its magnitude was determined by observing the (instantaneous) change in emf 
when the rf power was turned off, and the appropriate correction was made in the thermo- 
couple emf measured with the power on. 

The accuracy of the measurements is largely that associated with the measurement of 
temperature using an optical pyrometer. For the present work the maximum uncertainties 
in the range 2,500 °F to 3,800 °F are believed to range from about 8 °F to 12 F 


1. Introduction The work reported here evolved from a project at 
the National Bureau of Standards originally spon- 
One of the earliest investigations of thermocouples | sored by the United States Air Force, to examine 
of alloys of iridium and rhodium versus iridium was | thermocouples of alloys of iridium with 10 percent 
that made by Feussner [1].!. His studies led him to | to 90 percent rhodium versus iridium. The tables 
suggest the alloy 40 percent iridium-60 percent | (Appendix, I-A to IV—A) give the temperature-elec- 
rhodium for use with iridium. The increasing need | tromotive force values for 40 percent iridium-60 
in recent vears for thermocouples capable of measur- | percent rhodium versus iridium, the first of the 
ing temperatures higher than those at which plati- | series to be completed. 
num-rhodium versus platinum thermocouples can be 
used has led to further work on this combination [2], 
along with improvements in the metallurgy of these | 2. Apparatus 
metals. In turn, the gradually increasing use of 
this and other iridium-rhodium alloys as thermo- Calibration up to 2,500 °F is accomplished in a 
elements has given rise to the need for reference | high-temperature porcelain tube furnace having a 
tables of the type available for platinum-rhodium | bifilar platinum heating coil. The temperature is 
versus platinum and other thermocouples [3]. measured with a platinum-10 percent rhodium 
RR OREO De platinum thermocouple, calibrated prior to 
stry, Columbus, Ohio, March | each run. 
dant ma eee A blackbody is used to calibrate at higher tempera- 
‘orporation, New | tures. It is an iridium evlinder 1%, in. in diameter 
e endofthis paper, | aNd 45y¢ in. long, with cavities as shown in figure 1, 

















s section of induction fur nace. 
partitions; 4, sighting holes; 5, sighting tube 


iter winding; 8, ground wires; 9, iridium 
ent; 12, thoria supports; 13, thoria powder; 


Alined holes are provided in one end and the adjacent 
partition for inserting the thermocouple into the cen- 
tral cavity, and in the other end for sighting with 
the optical pyrometer which is used to measure the 
temperature. The area sighted upon is on the cavity 
wall opposite the \<-in. diameter hole in the partition 
at this end. 

It is assumed that, owing to the design and method 
of heating the blackbody, the only departure from 
uniform temperature over the wall of the central 
cavity is that due to loss of heat by radiation through 
holes. This loss as calculated by a formula due to 
Gouffé [4] is about 0.2 percent, which is so small that 
it is unnecessary to correct observed temperatures on 
this account. 

The blackbody is heated by electric induction with 
a 20 kw radiofrequency generator. A coil of iridium 
wire surrounds the sight tube and is connected exter- 
nally to an rf ammeter and rheostat. The heat 


produced by rf current in the coil reduces the loss of | 


heat from that end of the blackbody. A _ similar 
arrangement could be used at the thermocouple end; 
however, in an effort to provide shielding for the ther- 
mocouple wires and supporting tube, iridium wire 
was wound in a tight coil that formed a shield over 
the protection tube. Being heated by induction, this 
shield also serves to reduce the loss of heat by con- 
duction along the thermocouple wires and supporting 
tube. 

Preliminary experiments showed that it is neces- 
sary to ground the blackbody; this is done through 
an iridium wire welded to it. The shield just de- 
scribed is also grounded, but the thermocouple is not. 

Thoria powder insulates the blackbody, which is 
supported centrally in a porcelain can 4 in. in diame- 
ter and 8 in. long by semicircular thoria disks. A 
coil of %-in. copper tubing surrounding the porcelain 
can conducts the rf current and carries cooling water. 

This assembly is placed with its axis horizontal on 
Pyrex glass supports in a box made of Transite and 
Plexiglas and having close fitting but not air tight 


joints. In use, helium flows into the box contin- 
uously at a rate judged sufficient to keep air out. 
The helium is cooled to the temperature of liquid 
nitrogen before it enters the furnace enclosure in 
order to remove water vapor and any other conden- 
sable impurities which may be present. 

The emf is measured with Leeds and Northrop 
potentiometers, Models K2 and K3. An L. and N. 
No. 8622 optical pyrometer is used to measure tem- 
perature. Instead of using the temperature scale of 
the instrument, the temperature is obtained from 
calibration tables giving the temperature as a fune- 
tion of the current through the pyrometer lamp. A 
2-ohm rheostat connected in series with the slide wire 
of the pyrometer increases the precision with which 
the lamp current can be adjusted to match the fila- 
ment brightness with that of the blackbody. The 
lamp current is determined by measuring the voltage 
across a l-ohm precision resistor in series with the 
lamp. 


3. Thermocouples 


The thermocouple wire was made by Sigmund 
Cohn Corporation. The first lot (A), obtained in 
1955, was 0.035 in. in diameter. The second (B), 
obtained in 1959, consisted of 0.020- and 0.035-in. 
diam. wire. A third lot (D) of alloy wire only, 
acquired in 1960, consisted of wire sizes 0.020 in. 
and 0.030 in. 

The data used in compiling the tables were ob- 
tained from a total of eight thermocouples—two from 
lot A, two from each wire size in lot B, and one from 
each size wire in lot D. The alloy wire of lot D was 
joined to iridium wire of lot B. The 0.030-in. alloy 
joined to 0.035-in. iridium wire formed one thermo- 
couple, and the two 0.020-in. wires the other. 

Each thermocouple was identified by a number in- 
dicating the lot of wire from which it was made, the 
percentage of rhodium in the alloy leg (“6,” signifying 
60 percent rhodium, is the only composition con- 
sidered in this report), the wire diameter, and its 
order in a series of similar thermocouples. Thus 
A635a was thermocouple (a) from wire of lot A, 60 
percent rhodium, 0.035 in. in diameter. Thermo- 
couple (b) from the same coils of wire was A635b. 
The other six thermocouples were B620a, B620b, 
B635a, B635b, D620B, and D630B. In the last two, 
“B”’ signifies that the iridium leg was made from wire 
of lot B. In the remainder of this report, a partic- 
ular thermocouple will be referred to by its number. 


4. Experimental Procedure 


In preparing a thermocouple the wires were an- 
nealed by heating them electrically in air. The man- 
ufacturer recommended annealing for about 1 min. 
at approximately 200 °C (360 °F) below the melting 
point. The temperature to be reached as observed 
with an optical pyrometer was estimated, taking 
the emissivity as 0.3, to be 3,460 °F for the iridium 
and 3,180 °F for the alloy wire [5]. In approaching 
these temperatures it was necessary to increase the 
current gradually, so that it was not unusual for 
several minutes to elapse while the temperature was 





being raised and pyrometric observations made, 


Measurement errors were comparatively large under 


“ce 


these conditions, due in part to “smoke” that fre- 
quently appeared around the wires when they were 
heated to high temperature in air. For this and 
other reasons the actual temperature probably dif- 
ferred from those desired by as much as 100 °F. 

The junction was welded in an oxyacetylene flame. 

Each thermocouple wire joined a copper wire in a 
bath of melting ice. The copper wires led to a 
potentiometer through a selector switch. 

In working with the induction furnace an 
undesirably large rf voltage was induced on the 
thermocouple wires. Most of this was prevented 
from reaching the potentiometer by inserting a 1-mh 
choke in each lead between the reference junction and 
the potentiometer, and a l-uf capacitor from the low 
potential end of each choke to ground. 

— pt for a few readings at intervals of 25 °F on 
lot A thermocouples at temperatures cag 300 °F, 
the measurements were made at intervals of 50 °F. 

The thermocouples were run first in the 2,500 °F 
furnace. They were supported 1 high-temperature 
porcelain tubes and immersed about 8 in. For these 
runs the test and the reference thermocouples were 
welded to form a common junction. This made it 
possible to compare one thermoelement with another, 
and the readings regularly included measurements of 
the emf between the tridium and platinum, and 
between the iridium-rhodium and platinum elements. 
Kach reading consisted of two measurements of each 
desired emf, made in such sequence that the mean 
values were very teens free from error due to the 
slight change in temperature which unavoidably 
occurred while the measurements were being made. 

Thermocouples A635a and A635b were each run 
twice, both times at ascending temperatures. The 
others were each run once, readings being obtained 
first at ascending, then descending temperatures. 
The means of the two readings were taken as the 
experimentally determined temperature-emf relation- 
ship for the thermocouple. This applies also to 
measurements made in the induction furnace. 

For calibrating in the induction furnace a ther- 
mocouple was supported in an insulating tube of 
thoria or beryllia. Experiments on the effect of 
depth of immersion showed that, to be free of error 
due to conduction of heat away from the junction, 
the thermocouple should extend not less than 44 in. 
into the central cavity. The immersion was at least 
twice this distance. 

In making a single observation, the heating rate 
Was adjusted so as to maintain as nearly as possible 
constant temperature. Then one observer adjusted 
the current in the pyrometer lamp until the bright- 
ness of the filament was the same as that of the 
blackbody. Simultaneously another observer 
measured the thermocouple emf. A “reading” at a 
given temperature was taken as the mean of two 
observed values of filament current and correspond- 
ing emf. 

Readings were made from 1,950 °F to 3 
intervals of 50 °F 


800 °F at 
, and repeated in descending order. 


5. Computations 


The observed temperatures seldom differed more 
than 5 °F from the nearest integral multiple of 50 °F. 
For each observed temperature the emf was 
“normalized’”’—that is, it was computed for the 
nearest integral multiple of 50 °F. The rate of 
change of emf with te mperature (dH/dT) required in 
normalizing was obtained either by direct calculation 
from observed differences or by plotting 
differences and hand fitting a curve through 
points. 

The emf for lot A wire was taken as the mean of 
the normalized emfs for the two thermocouples made 
of that wire. Similarly, the emf for each of the two 
wire sizes in lot B was computed as the mean of the 
normalized emfs of the two thermocouples made from 
each of the two sizes of wires. To these emfs were 
added the normalized emfs obtained from lot D (one 
thermocouple from each of the two wire sizes). The 
average of these five sets of normalized emfs 
constituted the basic data for constructing 
temperature-emf tables. 

These data, comprising 78 temperatures and the 
corresponding emfs, were processed by the Compu- 
tation Section of the NBS Applied Mathematics 
Division using its IBM 704 Computer. It was 
found by trial that an equation of the fifth degree with 
coefficients computed to give a least-square fit to the 
data gave calculated emfs from which the experi- 
mental values differed by not more than 4 uv at 
temperatures up to 2,700 °F, and not more than 10 
uv at temperatures between 2,800° F and 3,800 °F. 
These deviations were considered satisfactorily small; 
hence, using the equation so derived, the computer 
calculated emfs for temperatures in integral multiples 
of 10 °F from 40 °F to 3,800 °F. The machine- 
computed deviations were plotted and a smooth 
curve fitted to them by hand. From this curve the 
deviations for the 10 °F points were taken, and added 
to the emfs computed by machine to give table 
IV-A. 

The table of emfs for temperature in integral 
multiples of 10 (table [II-A) was interpolated by 
hand from the Fahrenheit table. 

By hand interpolation the temperatures in degrees 
C and degrees F were obtained for emfs in steps of 0.1 
mv from 0 to 11.6 mv. The computer interpolated 
within the 0.1-mv intervals to obtain temperatures at 
0.01-my intervals (tables I-A and III-A). 

Thermal emfs for iridium versus platinum up to 
2,500 °F were computed from measurements made 
in the course of the runs on the iridium-rhodium 
versus iridium thermocouples. The iridium came 
from three coils, viz, lot A and the two wire sizes of 
lot B. By applying corrections obtained from data 
on the emf of the platinum working standard versus 
pli itinum 27, the iridium versus platinum 27 y 
given in table V-A were obtained. 

Thermal emfs for 40 percent iridium-60 percent 
rhodium versus copper and for copper versus iridium 
are given in table VI-A. This table may be used to 


these 
the 


alues 





correct for emfs generated at the junctions of the 
thermocouple legs with copper lead wires when these 
junctions are not at the same temperature. 


6. Discussion 


Not surprisingly, the emfs for a given temperature 
differed appreciably within the three lots of wire. 
One way of expressing the difference is to compare 
the individual emfs with the average, at a given 
temperature. For example, at 3,000 °F the emfs 
were as shown in table 1. 


TABLE 1, Deviation of the thermal emf of different lots of wire 


from the ave age, at 8000 F 


Here the lowest emf was for lot A and the highest 
the 0.020-in. wire of lot B. The difference is 79 pv, 
which corresponds to about 24 F, 
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Similar data are plotted for the entire range of 
temperatures in figure 2. Differences shown there 
are not wholly attributable to the different sources 
of wire involved, since there were naturally differences 
in emf between thermocouples made of wire from the 
same coil. In most cases these differences were only 
a few microvolts, but in one case, the 0.20-in. wire 
of lot B, the two thermocouples gave emfs differing 
by as much as 36 wv, corresponding to about 12 °F. 

Figure 3 is a plot, for iridium wire from the three 
sources (lot A, and the two sizes in lot B) versus 
platinum 27, of the differences between individual 
values and the adjusted [6] average of the three. 
An emf on this graph is a measure of the contribution 
of the iridium in question to the analagous difference 
shown in figure 2 for the inidium-rhodium versus 
iridium thermocouple of which it is an element. 
For if, of iridiim wires making a common 
junction with an iridium-rhodium and a_ platinum 
wire, one has a higher emf to platinum than the other, 
its emf to the alloy wire must be lower by the same 
amount numerically. The reasoning can easily be 
extended to apply to the difference from the average 
(the ordinates of figs. 2 and 3) 


two 


Thus it is evident 
that the lower emf of a thermocouple of lot A as 
compared with from another lot is largely 
accounted for by the fact that the iridium wire of 


one 
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this lot had a higher emf to platinum than did either | 


of the other two coils of 
situation prevails with respect to the 0.020-in. 
iridium wire of lot B. However, this wire was also 
used in D620B, and the differences between the emfs 
of figure 2 for thermocouples B620 and D620B are 
of course due to the differences between the two alioy 
wires used. These differences can be, and were, 
measured directly. 

In the range 1,950 °F to 2,500 °F, where temper- 
atures were measured both with the platinum-10 
percent rhodium thermocouple (in the platinum- 
wound furnace) and with the optical pyrometer (in 
the induction furnace), the difference between emfs 
of the test thermocouples did not exceed 6 uv in most 
cases. This is little if any larger than the errors of 
observation, and gave added assurance that the 
measurements were free from significantly large 
systematic errors. The largest difference occurred 
on thermocouple B635b: The emfs with the optical 
pyrometer averaged 21 uv higher than with the 
platinum the ‘rmocouple. This corresponds to about 
7 °F, and is larger than the reading error. The data 
vielded no clue as to what caused the difference. 

The thermoelectric power is nearly constant over 
a wide range of temperature, having a value of 3.0 to 
3.2 wv per degree from about 600 °F to 3 ,200 °F. 
Below 600 °F it decreases to about 2 uv per degree 
, and above 3,200 °F it increases to about 


iridium wire. 


at 100 °F 
3.6 wv per degree at 3,800 °F, 

The uncertainty in the temperature-emf values 
is partly that associated with measuring the temper- 
ature with a thermocouple and with an optical py- 
rometer. For the platinum-10 percent rhodium 


versus platinum thermocouple the uncertainty is 


A similar | 
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about one degree at 2,000 °F and 3 degrees at 
2,500 °F [7]. For the optical pyrometer the uncer- 
tainty was minimized by carefully calibrating the 
instrument in terms of lamp current and by ad- 
justing this current precisely in the photometric 
matching. This procedure together with favorable 
blackbody conditions probably limited the uncer- 
tainty to 5 or 6 degrees at 3,800 ° F. 

The increased electrical conductivity of insulators 
at high temperature contributes to the uncertainty 
of the emf measurements at temperatures above 
about 3,200 °F. When the thoria tubes which were 
used at first to support the wires in the induction 
furnace exhibited lowered resistance they were re- 
placed with beryllia, which has higher resistivity than 
thoria [8]. Even so, the resistance between thermo- 
couple wires (as determined in a test made with the 
wires unjoined) decreased to a few tens of obms at 
3,800 °F. The magnitude of error due to insulator 
conduction depends on the resistance of the insula- 
tor as compared with the resistance of the thermo- 
couple wires between points where they effectively 
make electrical contact with the insulator. For 
example, for wire resistance 0.1 ohm between points 
of contact, an insulator resistance of 100 ohms 
would cause the observed emf of the thermocouple 
to be 0.1 percent lower than the actual emf. The 
available data yield an estimated uncertainty of 
this order, which at the highest temperature would 
amount to about 4 °F. Since this conductivity ef- 
fect is believed to have occurred in a largely fortui- 
tous manner, no correction has been made for it. 

An effect was associated with the electrical con- 
duction in the ceramic insulation which manifested 
itself in the superposition of a spurious emf on the 
thermal emf due to the presence of the strong rf 
field. This was thought to result from a rectifying 
process. It was not always present, but when it 
was, readings were obtained that were larger or 
smaller than the thermal emf by as much as 100 uv. 
Its magnitude was ascertained by turning off the 
power and observing the instantaneous change in 
galvanometer deflection, which occurred before an 
appreciable change due to cooling took place. The 
readings were corrected by the appropriate amount. 
We believe that loss in precision arising from this 
effect was held to a few microvolts by 
adopted to correct for it. 

The combined uncertainties are believed not 
exceed 12 °F. 

The wires were discolored somewhat after a test. 
Although they were embrittled as a result of heating, 
and evidently had undergone considerable recrystal- 
lization, their thermoelectric properties were not 
changed appreciably. This was evidenced by good 
agreement of emfs measured in the low temperature 
range after a high temperature calibration. 

The temperature-emf relationship for 40 percent 
iridium-60 percent rhodium versus iridium thermo- 
couples is plotted in figure 4 for temperatures 2,000 
°F to 3,800 °F, along with the thermal emfs of several 
other thermocouples useful in this range, all having 


the means 
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tungsten asanelement. Thedataon tungsten versus 
iridium are from Troy and Steven [9]. For tungsten 
| versus rhenium the data were obtained from Lach- 
| man [10], for tungsten versus molybdenum from 
| Potter and Grant [11], and tungsten versus tantalum 
from Sanders [12]. The emf is also plotted for plati- 
num-10 percent rhodium versus platinum [3]. 

Some data have been obtained at NBS on the 
effect of varying the percent rhodium in the alloy 
leg. They have thus far been limited to temperatures 
at which a platimun-rhodium versus — platimun 
thermocouple can be used to measure the tempera- 
ture. These data are plotted for one temperature, 
2,400 °F, in figure 5. 


| 
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8. Appendix 


TasBLe I-A. Forty percent iridium-60 percent rhodium versus iridium thermocouples 


Electromotive force in absolute millivolts, Temperature in degrees C (Int. 1948). Reference junction at 0 °C. 


Millivolts 010 020 . 030 040 . 050 . 060 080 .090 .100 Millivolis 


0. 000  e q ¢ 12.5 15.5 18.6 j 24.5 Fs 30.4 ). 000 


200 58. ¢ x 6 68.8 71.4 73.9 76. 5 79.0 of t 200 
300 3. 5 0 96. 5 98.9 103.8 i . 300 


LOO 33. ¢ ¢ 3t 41.8 44.6 47.4 : 52.9 55 58. ¢ - 100 


100 d 7 120.3 122.7 5 127.3 9.5 31. 400 
500 31.3 : K 38. 143.0 145. 2 5 15 500 
600 2 58. ¢ g 164.8 166.9 ‘ 3. < 5. . 600 


700 75 77.5 7 185.9 187.9 92. ¢ 2 700 
800 96. 2 " : 20: 2 206. 5 208. 5 5 ; 9 216.6 800 
900 2.6 ) 226. 6 5 5 232. 5 2 900 


000 2% d 2.é 2 2 246.1 2 25 253. ¢ 5é 000 


100 55 5 j 5 265. 4 7.% 271.1 7 ¢ 100 
200 Y ( j 82. 5 284.3 4 2 290. 0 ( . 293. 7 200 
300 7 y. | : 303. 0 F ‘ 7 308. 5 ‘ 312.2 300 


100) : 2 315. ¢ oe | { 321. 32% 325 326.8 330. 400 
0 332. 2 3: ¢ 3 3 f < é 34e 345. 0 ‘ é 500 
600 2 3! 7 357. 5 359. ¢ 362.8 364. 6 36 600 


700 ? 37 37: 375 F d ¢ 380. 7 382. 5 3 d 700 
S00 q : é : j 391.2 3¢ 398.3 400. 1 800 
900 < ¢ y 2 416.0 417.7 v.« 900 


2. 000 5 2 2 24.7 3. 5 2 430.0 “ 433.4 35 36. { 2. 000 


». 100 36. § 3. 445.6 447.3 450.8 5 5A. < 100 
200) 454. 56. f 1.2 462.9 464. 7 468.1 W. § 2. 200 
2. 300 : 5 480. 3 2 485.5 ¢ 9. 2. 300 


2. 400 ¢ 95. ¢ 497.6 09. ¢ 502.8 5 5 f 400 
500 { 2 f § ble 514.8 516. 5 5 2 620.0 5 52% 2. 500 
» 600 52 525 5 528. 530, 2 531.9 533. 7 537.1 5 540. 5 2. 600 


2 700 ! 5 ! ¢ 5A! g 549.1 552. ! 554.3 55 5i 2. 700 
2. 800 557 M2 56 566.3 568. 0 ‘ 571.4 573.1 57 2. 800 
2.900 5 5 57. 579. ¢ 5s 583. 3 585. 0 7 588. 4 590. 1 5g 2.900 


000 it 593. 5 505. 2 ¢ 7 600. 4 602.1 605. 6 607.3 3. 000 


615.§ 617.6 619.3 622.8 624. 5 : 3.100 

633, 634.9 636. 6 < 640. 1 641.8 43. 3. 200 

650. ¢ 652.0 653. 7 657.1 658. 8 f 3. 300 

667 669.1 670.8 672.5 674. 2 676.0 577.7 3. 400 

684 686. 3 688. 1 689 691.5 693.3 95 3. 500 

s. 600 O8. 5 2 702 703. 7 705. 4 707 708.9 710.7 3. 600 


700 7 715.§ 717.6 719. 721.1 722.8 724 726. 728.1 729. 3. 700 
800 sf 31.5 33. 3 3: 736. 738. 5 740. 2 742 X 745. 5 747 3. 800 
3. GOO 750.7 752. § 75A. : 756. 0 757.7 759. 5 761. ; 763. 0 ) 3.900 


000 76 768. 771 773.6 775.4 777 ‘ 780. 7 é . 000 


100 2.! d 786. 787, 789. 5 791.3 793.1 794 796. 6 798. 3 100 
200 803.7 805, 807. : 809. 0 810.8 812 ‘ $16.1 7.4 200 
300 ¢ 821 823. 2 825. 826.7 828. 5 830. ¢ 32 833. 8 835. 6 . 300 


400 35 839 840. ¢ 842.7 844. 5 846. 3 S48 851.6 85é 4. 400 
500 Se bE 857 S58 860. 862.3 864.1 865. ¢ 867.7 869. 5 71.4 500 
600 71. ¢ 874. ¢ 876.7 878. 5 880. 3 882. 2 SS4 885.8 887.6 889. 600 


700 S89 893 S04 896. 6 898. 3 900. 1 901. § 903. 7 905. 5 ¢ ¢ 700 
800 907. 910. ¢ 912. 914. ! 916.3 918.1 919. ¢ 921.8 923. 6 925. . 800 
900 925, 927.2 92 930. ¢ 932 934. 5 936. 4 938. 2 940.0 941.9 04: 900 


5. 000 943 ‘ 947. < 949 950. ¢ 952.7 954. 6 956 958. 2 960. 0 Y61. $ 5. 000 


5. 100 961 965. 5 967. < 969 971.0 972.8 74.7 976.5 978.4 980. : 5.100 
5. 200 980. 2 983. ¢ 985. 7 987. 5 989.3 991.2 W93. 994.8 996. 7 YYS. f 5. 200 


5. 300 Q9R. ! : 1002 1004 1005. ¢ 1007.7 1009. 6 1011 1013.3 1015. 1 7 5. 300 


5. 400 1017 1020. 7 1022. 5 1024 1026. 2 1028. 1 1029. § 1031.7 1033. 6 3! 5. 400 
500 1035. 2 1039.1 1040. ¢ 1042 1044. 5 1046. 4 1048, 2 1050. 0 1051.9 53. 7 5. 500 
5. 600 1053. 7 5 1057.4 1059, 2 1061 1062.9 1064. 8 1066. 6 1068. 5 1070.3 72. 3 5. 600 


». 700 1072 1075.9 1077.7 1079. 6 1081.4 1083. 3 1085. 1 1087.0 1088. 8 1090. 5. 700 

5. 800 1090 1094.4 1096. 3 1098 1100.0 1101.9 1103.7 1105. 6 1107.4 1109. ¢ 5. 800 

5. 900 1109. ¢ 2 1113. 1114.9 1116.7 1118.6 1120.4 1122.3 1124.1 1126.0 1127 5.900 

6. 000 1127.8 j 1131.5 1133.3 1135. 2 1137.0 1138.9 1140.7 1142.6 1144.4 1146. ; 6. 000 
Millivolts 000 020 030 . 040 . 050 . 060 .070 . 080 090 100 Millivolts 





raBLe I-A. Forty percent tridium-60 percent rhodium versus iridium thermocouples—Continued 


Electromotive force in absolute millivolts. Temperature in degrees C (Int. 1948 Reference junction at 0 °C 


020 Millivolts 


1131 6. 000 
1150 
1168.7 
1187 


6. 100 
6. 200 
6. 300 


6. 400 
6. 500 
6. 600 


1224 


6. 700 
6. S00 
6. 900 


1372 


1390. 5 
1408 


1427.2 


1445. ¢ 

1463 

1481. 5 7. 900 
&. 000 


& 100 
&. 200 
Ss. 500 


8. 400 
8. SOO 
Ss. 000 


1588 
1606. ¢ 


1624 &. 700 

1641 

1654 1666 7 1669, 5 3 a 900 
000 1673. { 1674. 7 1676. 5 L686 7 9. 000 
100 1 1692 1693 
200 7 


300 


1704 5 707.5 9.100 
9. 200 
9. 300 
400 
SOO 
oOo 


9. 400 
9. 500 
9. 600 
700 


1809. 1 
SOO 1825.6 


1842. 1 


900 


000 1858. 6 10. 000 
100 185 2 1861. ¢ 1863. 5 - 1868. 5 1871 1875.0 10. 100 
200 L875 1876 INSTR. ¢ 1879. § ISR. 5 3. 3 1884 1SSS 1SS8Y 1891.3 10. 200 
300 1.3 1892 1894. ! 1806 1897.7 (yt 1900. § 1904 1905 1907. 2 10. 300 


4100) l 2 1908 1910 1912 1913 5 1916 é 1919. ¢ 1921.5 1923. 1 
500 923. 1 1924 1926. 1927. ¢ 1929. 5 ¢ 1932 1935 1937 1939. 0 
600 ) 1940 1942 1943.7 1945. ¢ 1948 { 1951. 5 1953. 1954. 6 


10. 400 
10. 500 
10. 600 
700 ) 1956 1957.7 1959. ; 1960 O62. : 1963 1967 1968 1970.0 10. 700 
OO 197 1971.5 1973 1974 975. § ¢ 1978 1981 1983 1984. 9 10. 800 
900 1986. 5 1988 1989 ( 2 992 1994 1997 1999 2000. 7 10. 900 


2002. § 2003 2005. : ( q 2009 2013 2014 2016. 0 11. 000 
100 ( 2017. 5 2019 2020 2022 2025, ‘ 


200 $ 2032 2034. ¢ 2035. me 20: 2040). ¢ 
300 2047 2049. ; 2050 2 ¢ 2055. 


2029. 8 2031.3 11. 100 
2044.8 2046. 3 11. 200 
2060. 1 2061. 6 11. 300 
100 2 2063, 1 2064 2066. 2 7 3 2070. 7 : re 2075.3 2076. 8 11. 400 
OM) ) 78. 3 2079 2081 2085 87. ; 2 2090. 3 2091.8 11. 500 
600 (6 2093. 3 2094 


Villivolts ) 010 020 . 100 Millivolts 





Millivolts 


000 


100 
200 
300 


400 
HOO 
600 


700 
S00 
YOO 


OOO 


100 
200 
300 


400 
SOO 
500 


700 
SOO 
900 


2. OOO 


100 
200 
2. 300 


2. 400 
SOO 
2. 600 


2. 700 
> SOO 
2. 900 


100 
200 
300 


400 
SOO 
OU 


700 
800 


3. YOO 


Millivolts 


TaBLeE II 


Electromotive force 


0. 000 
. 365 
818 
1. 334 
1. 889 


2. 464 
3. 047 
3. 628 
4.199 


4. 759 


5. 308 
5. 850 
6. 388 
6. 922 
7. 461 
8.013 
&. 583 
9.156 
9. 745 
10. 355 


10. 995 
11. 654 


BLE | 


ctrom 


. 000 


I] 


tiv 


A. 


10 


032 
406 
R68 
1. 388 
1. 946 


2. 522 
3.106 
3. 686 
4. 256 
4.815 
5. 362 
5. 904 
6. 441 
6. 976 


7. 516 
&. O70 
&. 640 
9. 214 
9, 805 


10. 417 


11. 061 


A. 


e force 


O10 


1069.8 
1100. 4 


1131. ¢ 


Forty percent iridium-60 percent rhodium ve 


in absolute millivolts. Temperature in degrees C (Int. 1948). 


20 30 


OOS 

. 492 

. 968 
498 

2. 060 


639 
222 
801 
. 368 
. 925 


5. 471 
». O12 
548 
O82 
626 


926 


10, 480 10 543 


11,126 11,192 


Forty percent iridium-60 percent r 


in absolute millivolts. 


40) 


0. 134 

536 
1.019 
1. 553 
2.118 
2. 697 
3. 280 
3. 859 
4.424 
4, 980 
5. 525 
6. 066 
6. 601 
7.136 
7. 681 


8. 241 
&. R11 
9. 390 
9. O87 
10. 606 


11, 258 


9. 
10 
10 


11. 3: 


173 
708 
7. 244 
791 


8. 356 

925 
9. 50S 
10. 108 
10. 735 
il 


389 


90 


2. 406 


2. 989 


8. 526 
9. O98 
9, 686 
10. 292 
10. 930 
58S 


11. 


100 


0. 365 

RIS 
1. 334 
1. 889 
2. 464 


3. 047 


B.¢ 
9. 
9.7 
10. 35 
10. 995 


11. 654 


hodi wie 


Temperature in degrees F (Ir 


versus iridium 


it. 1948). Reference 


020 


030 


952.4 
ORS. ¢ 
1014. : 
1045. 
1075 


1106. ! 


020 . 030 


040 


1109. 


1140. 

1171. 

1202. 5 
1233. ¢ 
1264. 4 
1295. 6 
1326. 9 
1358. 1 
1389. 6 


. 040 


. 050 


4 
1267.5 
1298.7 
1330. 0 
1361. 2 
1392.8 


. 050 


9 


1333 
1364. 3 
1395.9 


. 000 


070 


70.9 


122.4 
169. 6 
214.4 
256. 9 
207.4 
336. 4 


374.1 


1026. 5 
1057.4 
1088. 1 


1118.9 


1149.9 


1367. 5 
1399. 1 


.070 


thermocou ple 8 


e junction at 32 


. 090 100 


874. 
906. 


1029. 6 


1060. ¢ 
1091. < 


1122 


1153 
1184 
1214 
1245. 
1276. 
1308 
1339. 
1370. 
1402 


. USO 


8 
1 
{ 


6 
3 


1001. 
1032. 7 
1063. 
1094. 
1125. 
1156 
1187. : 
1217. 
1248, 
1280 


1342. 5 
373.8 
1405. 5 
. 090 


880. 
912.2 


943 
974. 
1004. $ 

1035. 
1066. 7 
1097. ¢ 


1128. 


1159. : 
1190. < 
1220. ¢ 
1251. § 
1283 

1314. 

1345. 6 
1376.9 
1408. 7 


100 


rsus iridium thermocouples 


Reference junction at 0 °C, 


F. 


100 
200 
300 
400 


500 
600 
700 
800 
900 


1000 
1100 
1200 
1300 
1400 


1500 
1600 
1700 
1800 
1900 


2000 


Millivolts 


0. 000 


. 100 
. 200 
. 300 


. 400 
. OO 
. 600 


. 700 
. 800 
900 


100 
200 
300 


. 400 
500 
. 600 


700 
800 
900 


000 


100 
200 
300 


400 
500 
600 


700 
800 
900 


000 


100 
200 
300 


400 
500 
600 
700 


. 800 
900 


Millivolts 





TABLE III-A, 


Forty perce nt iridium-60 percent rhodium versus tridium thermoco iple 8 Continued 


e force in absolute millivolts. Temperature in degrees F (Int, 1948), Reference junction at 32 °F. 


040 O50 100 Millivolts 


000 1408. 7 


1424.7 3 ‘ 37 1440 


100 144 1456 5 1472 
200 1472 8 1488 146 1497 1504 
30) 1504 507 f 13 S17 1520 523 5 5 529. 7 53 1536, 
400 ‘ 1568 
500 1587 Ag 593 7 1600. « 
00 3 : 1610 3.3 ) 1619. ¢ 3 - 1632 


700 932. § : 1642 5 1652. 3 


1665 
800 Fi 7 1674 


1684 7.4 t 1607. 7 
900 7 3 1707 W717 7 7 27 1730 
1740 7 1750 1763. 3 
1769 1773 776. 5 1783 
1802 1806 ». § 1816 
1836. 1839. 3 1849.3 


1796. ¢ 
1829. 3 
1862 


1869. 2 1882. 5 1895 
1902. 3 5. 6 2 1915, 6 1928 
1935. 3 x i p 1948. 7 1962 
1968. 7 1982 3 ) 1995. 
2002 5.3 r | 2 2015 2028. 7 
2035 2038. 7 K 2048. 7 2062 


2068 2082 2095. ¢ 


2102 2115 2129 
2162.7 


2182 2 9 r 109 « 196 


2135. 7 3 2.5 2149 
2169 5 

2202 2216, 
2250), 


ORS ¢ 
283 


2317 
1351 
2384. { 


2418 


2452 


2649 
2682 
2714.4 


000 2746, 


100 7 7 72. ¢ 4 TTR. 6 7 7 7 4 100 
200 4 7 b 7 5 2 7 2810 7 2 2 ] f 200 
300 2 25. 282 > 2841. : 2 5 2847.6 285 2853 300 
410) RTD 
(4 


SOO 3 2 5 2 3. § (W) 
600 » 1 : 


2936 : 2942 2045 600 


700 2O55. ¢ 2068 
2096, 2000 
400 9 : S018. 5 ) 7 3027 3030 


e 700 

S00 POSE ROO 

G00 

000 43 5 3049. 7 305+ 305. 3059. 3062, 2 3068. 5 307 307 000 
100 307 307 3080. § : 3090. 2 3093. ¢ : : 3099 100 
200 ( 31 3111 : 3121 3124.2 3127. ¢ 3130 $133. 5 ‘ 20) 
300 313 3139. 7 3142 3151 3155 314i 3161 . - 3167. 300 
4K) 3170. 2 3173. ; 3182 3185. 5 
500 ; 32 3203. 7 d 7 7 é 3215 

. 600 3227 3 3234 324: 3246 


40) 
500 
600 
9. 700 3258. 2 32 2 3264, 3 327¢ 3 ‘ 5 5 3288. 5 700 
9. 800 ; 5 3 5 3204 3306 2 3312. ¢ 3315. 2 3318. 2 SOO 

9. 900 33 2 33 3324. 1 333: 333¢ 3347.9 YOO 

Millivolts 100 Millivolts 





M 


TABLE 


illivolts 


10. 000 


10. 100 
10. 200 
10. 300 


10, 400 
if An) 


10. 600 


10. 700 
10. 800 
10. 900 


2000 
2100 
my 
2300) 
2400) 
A000 
2600 
2700 
PSO) 


2000 


S000) 
$100 
3200 
$300 


4400 


III-A, 


t t 
ctromo 


Forty percent iridium-60 percent rhodium versus iridium thermocouples Continued 


“lectromotive force in absolute millivolts. Temperature in degrees F (Int. 1948 Reference junction at 32 


O10 040 . 050 070 O90 . 100 


3350. 3353. 8 3356, 8 3359. 3362 3365. 7 3368. 7 371.7 3374 3377 


3380 3383. 5 3386. 5 3389. 3392 3395. 3 3398. 3 3401, 3404. : 3407 
3410 3413.0 3415.9 3418 3421 3424.7 342 3430. 5 3433. 3436. ¢ 
3439. 2 3442. 1 3444.9 3447. 3450 3453. 5 345 3459. 3462 3465 


3467 3470. 7 3473. 6 3476. 5 3479 3482. 2 3488 3490. 3493. 7 
3496 3499. 4 3502. 3 350! 3508 3510. 8 351% 3516. 5 3519. 3522 
3525 3527.8 3530. 7 3533. 5 3536. ¢ 3539. 1 3541.9 3544. 7 3547. £ 


3553 3555. 9 3558. 7 35 3564 3567.0 3569. & 3572 3575. ¢ 3578 


3580 $583. 7 3586. 4 35S 3592 3594. 7 3597. 5 3600. ¢ 3603. 3605 
3608 3611.3 3614, 1 < 3619. 3622.3 362 3627. 3630 3633. ¢ 


3636, 3638. 8 3641.5 < é SHAY. 8 3655. 3 3658 3660. 8 


3663 S666. ¢ S669. 1 36 367 3677.3 3680. 1 S682. 8 3685 S688. 3 


3691 3693. 7 3606. 4 SHS é 3704. 5 3707.3 3710.0 37 3715.4 
3718 3720.9 5 37: ‘ 2 3732.0 3734.7 3737.5 3743. 0 


3745. 7 37 5 < 7 < 375 3759.4 3762. 1 3764.9 3767.6 3770.3 


3773. 0 377 37 37® 3786. 5 ‘ 4 3791.9 37$ 3797.3 
3800. 0 


O10 030 2 090 


“ABLE I\ . Forty percent iridium-60 percent rhodium versus tridium thermocouple 


n absolute millivolts. Temperature in degrees F (Int. 19 Reference junction at 32 


0. 068 
0. 186 2 7 271 
106 7 
653 
923 


1. 209 
1. 510 
1. 820 
2. 137 
2. 458 
2.781 
3. 106 
3. 429 
3. 750 
4. 067 


4. 381 
4. 691 
4. YOR 
5. 302 
5. 604 


~1 


455 
760 
O70 
388 
703 


9.021 
9. 344 
9. 673 
9. 940 { < 10. 007 
10. 278 0. 31e 10. 348 


10, 628 10. 663 10. 699 
10. GAS 11. 024 11. O61 < 
11. 353 11. 389 11. 426 i2 11. 499 


F. 


Millivolts 


10. 000 


10. 100 
10. 200 
10. 300 


10. 400 
10. 500 
600 


10. 700 
10. 800 
G00 


000 


100 
200 
300 


400 
11. 500 


Millivolts 


0 
100 
200 
300 
400 


500 
600 
700 
S00 
900 


L000 
1100 
1200 
1300 
1400 


1500 
1600 
1700 
LSOO 
1900 


2000 
2100 
22100 
2300 
2400 
2500 
2600 
2700 
2800 
2900 


3000 
3100 
3200 
3300 
3400 


3500 
3600 
3700 
33800 
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A. 


The 7 mal en 


Reference 


f of iridium ver 
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TaBLeE VI-A. 


Thermal emf of 40 percent iridum-60 percent 
rhodium copper and copper iridium thermo- 


couples 


versus versus 


Reference junction at 32 °F 


40% Ir-60% Cuvsl 


Rh vs Cu 
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A Method for the Self-Calibration of Attenuation- 
Measuring Systems’ 


Robert L. Peck 
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The theory and experimental procedures are given for the self-calibration of insertion 


loss or attenuation-measuring systems. 


Four circuit configurations are developed. 
calibrations may be obtained by simple graphical means or by an analytical solution. 


The 


x- 


perimental results are given which demonstrate that, by using the techniques outlined, at- 
tenuation calibrations of high accuracy may be made without reference to any previously 


calibrated attenuator. 


1. Introduction 


The feasibility of self-calibrating attenuators has 
been demonstrated previously by Allred [1,2]! and by 
Laverick They have shown that it is not neces- 
sary to use any reference standard and that only a 
signal source, a signal null indicator, and a suitable 
arrangement of transmission-line components are 
required, 

Allred has described a three-branch system for ob- 
taining the phase as well as the magnitude of the 
attenuation coefficients of two piston attenuators 
operating with the T/,, evanescent mode. This is 
done by obtaining a set of dial readings from the two 
attenuators, one in series with a fixed phase shifter 
constituting one branch and the other constituting 
the second branch. The third branch contains an 
adjustable phase shifter and a two-position step at- 
tenuator. With any initial setting of the adjustable 
phase shifter, the two attenuators are adjusted for a 
null. The step attenuator is then changed, and the 
attenuators are again adjusted for a null. This op- 
eration is repeated as the adjustable phase shifter is 
set successively to different values. From the knowl- 
edge that in each case the step attenuator has under- 
gone the same change in attenuation and phase for 
each set of measurements, a series-of equalities of the 
form 


9] 
ol. 
J 


e~ Wa We 


K 


is obtained, where K is the complex insertion ratio 
of the step attenuator, yy and Y: ure the propa- 
gation constants of each of the two piston attenuators, 


*Contribution from the Radio Standards Laboratory, National Bureau o 
Standards, Boulder, Colo. 


1 Figures in brackets indicate the literature references at the end of this paper. 


[ 


W is a separately evaluated constant expressing the 
relative magnitudes and phase angles of the output 
voltages of the two attenuators, and Y,, Y3, Z,, Z> 
are dial readings of the attenuator. These expres- 
sions can then be solved for the unknown parameters 
of the two attenuators. 

Laverick’s method uses a three-branch system 
with switches for opening two of the branches. Two 
of the branches contain phase shifters to set these 
branches 180° out of phase with the third. The 
three branches are then adjusted for equal output by 
successively nulling one branch against one of the 
other two. All three branches are then connected 
together, and one of the attenuators is reset for a 
new null. This corresponds to a 6.02 db change in 
attenuation. Repeating the operation yields attenu- 
ation steps of 3.52 db, 2.50 db, ete. 

A new method for the self-calibration of the change 
in insertion loss of continuously variable attenuation- 
measuring systems is described in this paper. This 
method requires two basic operations. The first op- 
eration yields the law of attenuation, A=af(l), 
where a is the attenuation coefficient and f(/) is a 
function of the adjustment parameter, /, which makes 
aaconstant. The second operation yields the atten- 
uation coefficient, a. The method is applicable to 
four different circuit configurations which are de- 
scribed in the order of their decreasing dependency 
upon component stabilities. Circuit 1 (fig. 1) is a 
single-channel system using the conventional series- 
substitution circuit. It requires a reasonably stable 
generator and monitor. The monitor can be of the 
differential-voltage type, but must be linear over the 
range to be used. 














GEN 


KH 


A, 
FIGURE 1. 


MON 


HH 


A; 























A» 


Simple series substitution circuit. 





It is to be noted that in all three systems the cali- 
bration is good only as long as the attenuators are 
connected to constant-impedance lines. If the im- 
pedances are varied, the calibration changes. Also, 
in the use of any calibrated system for calibrating 
other attenuators, the unknown attenuator must be 
matched to its characteristic impedance within the 


A system. 
3 2. Theory 


The change in attenuation of an adjustable attenu- 
ator in a matched system may be defined as A= 20 log 
Vo11/|Voo!|, where A is in decibels, V 9, is theoutput volt- 

The second circuit (fig. 2) is the common parallel | age of the network for the initial dial setting J, and 
substitution circuit. It requires a reasonably stable | Voz is the output voltage corresponding to ‘the dial 
generator and monitor, but the monitor does not setting /;. Since the attenuation (or insertion loss) 
need to be linear. | is determined by a ratio, it is dimensionless, and 

The third circuit (fig. 3) is similar to that used by | hence no absolute units of voltage or other abso- 
Laverick, with the exception that only one switch is | lute units of measurement are required for its 
used. This circuit minimizes the effect of generator- | determination. em ; 
power and monitor-gain variations. The upper The simplest method of calibrating an attenuator 
branch must be isolated from the other two branches | would be to connect the attenuator to a voltage 
to prevent an impedance change at their junction | source of the proper frequency and to use a monitor 
when the switch is opened or closed (40 db isolation | Which has an output reading proportional to the 
is generally sufficient). The fourth circuit is similar | input voltage for indicating the voltage output of 
to that in figure 3, but with the switch removed and | the attenuator. The monitor reading would be 
the attenuator A, replaced by a step attenuator. It recorded as a function of the dial reading, l, of the 
then resembles the circuit used by Allred. The | attenuator. In this case the change in attenuation 
accuracy obtainable with this circuit is limited by | corresponding to two attenuator dial readings would 
the resolution and reproducibility of the attenuator | be ; : 
dial, by the sharpness of the voltage null obtainable AA=20 lov G\ 20 lov V; (1) 
on the monitor, and by the time stability of compo- | ae ne 
nents. It is essentially independent of generator and | _ - ie oa 
monitor variations. If the phase shift of the un- | where V' is the monitor reading for one attenuator 
known attenuator depends upon its setting, the vari- | dial setting, uF V2 is the monitor reading for another 
ations in insertion loss of the phase shifters must be | dial setting, /2; and G@ is the unknown proportionality 
known. factor of the monitor. Phis method, however, Is 

The methods of Allred and Laverick have limita- impractical, since it Is difficult to obtain a high- 
tions as well as advantages compared to the method resolution, high-gain linear monitor without a resid- 
described in this paper. Allred’s method yields the | —— ie fi gg ee ld sil aisle’ 
complex attenuation coefficient, but the equations | Se eee apeenere w line pmeces 3 — This 
involved are quite difficult to solve. Laverick’s | peneniiaigath gyn igure L, 8 ee ee ee 
method yields fixed 6.02 db and other smaller steps | tYP¢ of voltmeter normally has an expanded scale 
without calculations. The method described here | for high resolution, and its indicated voltage, V, is 
vields only the magnitude of the attenuation coeffi- equal to @ (Vin-+ | o) where @ is the unknown gain, 
cient, but it is easy to apply and is not affected by Vin is the input voltage, and V> some constant but 
fixed-impedance mismatches in the system. unknown equivalent input voltage. Because of the 

; unknown term, Vo, the attenuation cannot be cal- 
culated directly as in eq (1). However, it will be 
shown that Vp) need not be known. 

The monitor reading V can be graphed as a fune- 
tion of the dial reading of the attenuator over any 
desired range. This plot of voltage as a function 
of / is then compared to a corresponding plot of 
attenuation arbitrary units as a function of 1 over 
the same range (fig. 4). This curve can be obtained 
by stepping off some unknown fixed attenuation, 
AA, and by obtaining corresponding dial readings as 
in section 3. This process yie ‘Ids a series of dial 
readings with equal but unknown attenuation steps, 
AA, between each set of readings. These readings 
can be plotted and a smoothed curve drawn. 

From the A scale in figure 4, two equal attenuation 
Ficure 3. Three-leg substitution circuit. steps are chosen, For simplicity two adjacent steps 
































l substitution circuit. 
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DIAL READING 


FieurE 4. Voltage and attenuation curves. 


are used such that 


A; As 


To A, there corresponds the dial reading /,, to A, the 
dial reading i, and to Ag the dial reading l;. For 


each of these dial readings there are corresponding | 


points on the V scale, V;, V2, and V3. 
two attenuation steps are equal, 


: G(V 3-44 
A;— A, 20 log | Fa 


G(V >. T Vo) 
yo o na 
A,— A,=20 log Bes 


Since the 


| (2) 


Assuming @ constant, eliminating Vo, and sub- 
stituting into the expression for Az;—A, or A,—<A, 
gives 4" 
mS 


‘) 


A;— A; (3) 


20 log (> 


V. 


Thus the chosen increments of attenuation can be 
expressed in terms of the corresponding voltage 
increments, without regard to the equivalent input 
voltage, Vy, of the monitor. This process may be 
repeated to give the calibration of the attenuator, 
over the desired portion of its range, to an accuracy 
limited only by the accuracy of the experimental 


data points and the precision with which the graphi- | 


cal analysis is made. 

Increased accuracy of data may 
use of the circuits of figures 2 or 3 where A, and/or 
A, are to be calibrated. The plot of attenuation in 
arbitrary units as a function of dial setting is obtained 
essentially as before. However, the voltage curve 
is obtained in a different manner, and the monitor 
is used only as a null indicator. The principle can 
be understood by referring to figures 3 and In 
figure 3, A; and A, are continuously variable atten- 
uators, and A, is a fixed attenuator, the output 
voliage of which determines the size of the incre- 
mental voltage step, AV. A, is a two-position atten- 
uator used only for stepping off equal AA steps for 
obtaining the A curve. @, and @, are phase shifters, 
set so that the voltages from branches A and C are 


be obtained by 
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Ficure 5. Addition of equal voltage increments. 
continuously in phase but 180° out of phase with the 
voltage from branch B. The process by which the 
voltage curve is obtained may be clarified by refer- 
ence to figure 5, which depicts the voltage outputs 
of the various branches of the circuit. Here, for 
simplicity, the letters denoting the particular branch 
are used to denote the voltage output of that branch. 
Initially branches B and C are nulled with the switch 
open, and the initial dial reading /) of A, is recorded. 
The switch is then closed, adding the voltage V, to 
Vo,. A new null is achieved by adjusting d; and 
advancing the dial of A, to 1d; so that the voltage 
from brane h B equals Vo,+-V4. The voltage incre- 
ment, AV, in the output of branch B, is then equal 
to Vy. The switch is then opened, and a null i 
again obtained by adjusting ¢, and advancing A, so 
that Ve2=Veg:. The switch is closed, ¢ adjusted, 
and the dial of A, advanced to J;, so that again 
Ves=Veot+V4. Thus another voltage increment, 
AV, has been added to the output of A). The oper- 
ation is continued until the desired 1 range of A; 
been covered. 

From the data thus obtained, the voltage curve 
(curve V, figure 4) can be plotted. The unit of 
voltage is the arbitrary voltage step AV, and the 
initial voltage, Vo, corresponding to the dial setting 
l, of As unknown. However, eq (3) and the 
discussion of it still apply. Thus, a monitor indi- 
cating only a null can be used to obtain voltage 
ratios, and the calibration of the attenuator, Ay, can 
be obtained as before. 

The preceding discussion gave a graphical pro- 
cedure for calibrating an unknown attenuator. An 
analysis is now presented in which it is shown that, 
after the law of attenuation of the attenuator has 
been obtained, the attenuator can be calibrated by 
using three dial res adings corresponding to two equal 
steps in the output voltage : and by consulting a table 
which has been computed from a derived equation. 

The law of attenuation, A=af(/), can be obtained 
from comparisons of equal attenuation steps and the 
corresponding dial readings of the dial of the atten- 
uator to obtain a function of 7 such that dA/df(/) 
a constant. Integrating this expression gives 


has 


is 


da, 


AA=a [f(lp—f(l)I, (4) 
where a is the attenuation coefficient yet to be deter- 
mined, This function of / will then yield a straight 
line when plotted against A as in figure 4. The 
function f/(/) depends upon the type of attenuator 
used. For piston-type attenuators ideally matched, 


-1 and for unmatched piston-type attenuators 





with normal insertion losses f(l) closely approaches 
i. For rotary-vane attenuators in an_ ideally 
matched system, f(/)=log cos?J. 

When the attenuator dial setting is changed from 
/, to l,;, the change in attenuation in then given by 
eq (4 Further, if V, and V; are the output voltages 
of the attenuator corresponding to the dial settings / 
and /;, then also 
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AA Vi 


20 log 


If /, is the dial setting corresponding to the output 
voltage V5, /; is that corresponding to V,+AV, and 
/, is that corresponding to V,+2AV, then the fol- 
lowing equations hold: 


AA al f (lo) 


20 log - 


Vo 
20 log 
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of f (11) 


It may be noted that AA, and AA, are not equal, 
as was true in the graphical procedure.) If fo 
convenience V 
the voltage increment (V; 
can be rewritten as 


kAV), the 


equations 


TT: 
20 log 


20 log = 


Div iding the second equation by the first vields 


b+ 
k+2 


log 


h 
P+ 


log 


The term on the left side of (8) is the experimentally 
measured constant, determined by the law of attenu- 
ation, the chosen initial dial setting, 4), and the 
magnitude of AV. 

A series-approximation method may be used to 
find the value of k to any desired accuracy, Or a 
table may be obtained from National Bureau of 
Standards, Electronic Calibration Center, Boulder, 
Colo., for the direct determination of k to 6-place 
accuracy from experimental data. 

Once k is known, eq (6) may be used to determine 
AA, in decibels and This step results in 
the final calibration of the attenuator. 


also a. 


3. Experimental Procedures 
In this section the detailed procedures are 
described for using the four circuits to obtain equal 
attenuation and voltage steps as a function of the 
dial setting of an attenuator. 


| 


is written as some multiple, k, of | 


3.1. Circuit 1 


In the simple series-substitution circuit of figure 
1, A, is the continuously variable attenuator to be 
calibrated. A; is a step attenuator which may be 
changed by a fixed amount AA, which need not be 
known. A; is a continuously adjustable attenuator 
used for power level control and may be an adjusta- 
ble output control on the power source. 

Attenuation as a function of dial setting is obtained 
as follows: 

1. The attenuator to be calibrated, As, is set at 
the lowest desired value of attenuation, with dial 
reading /); A; is set at its higher attenuation, posi- 
tion 2, and A, is adjusted to give any desired fiducial 
reading on the output meter. 

2. Ay is then set at its lower attenuation position 
1, Ay is adjusted to bring the meter to the previously 
chosen fiducial point, and its dial reading J; 1 
recorded. The attenuation of A, has now been 
increased by an amount AA in advancing the dial 
from /, to fh. 

3. As is reset to position 2, 
that the meter again 
pomt. 

4. Steps 2 and 3 are repeated until the desired 
range of A» is covered. 

Each time the dial reading of A, is changed, its 
attenuation is increased by an unknown amount 
AA. The resulting data may be used to plot a 
curve of attenuation, in unknown units, as a fune- 
tion of dial reading. 

Voltage as a function of dial setting is obtained 
from a monitor which is linear over jthe range of 
the output voltage of the attenuator Under ealibra- 
tion, or which has an output voltage that can be 
expressed as V=G(V,,+- Vo), where @ is the constant 
but unknown gain of the monitor, V;, is its input 
voltage, and GV, is the residual output voltage. 
In this case the indicated voltage of the monitor 
is simply plotted as a function of the dial reading 
of the attenuator. This is a simple procedure, but 
the monitor may impose undesirable limitations on 
the accuracy of the voltage measurement. 


1s 


and A; is adjusted 


so returns to the fiducial 


3.2. Circuit 2 


Where increased accuracy is required, the parallel- 
substitution circuit of figure 2 is used. A phase 
shifter ¢, having constant loss independent of phase 
shift, has been added to the components of circuit 1. 
This phase shifter adjusts the voltage output of one 
branch to be 180° out of phase with the other. 
Hence the system operates on the null principle. 
For obtaining the attenuation of A, as a function of 
dial reading, the following method is used: 

1. With the attenuator to be calibrated, A:, set 
at the lowest desired value of attenuation I), and 
with A, set for its lower attenuation position 1, 
A; and @ are adjusted for a null reading on the 
monitor. 

2. A; is set to position 2, A, is advanced and ¢ 
is adjusted until there is again a null reading on 
the monitor, and the dial reading /, is recorded. 





3. A; is returned to position 1, and 
adjusted to obtain a null reading. 
4. Steps 2 and are repeated until the desired 
range of the attenuation of A, is covered. 
For obtaining voltage as a function of dial reading, 
the following procedure is used: 
‘om A, set at any convenient initial setting 
l, and A; set at either position, a null is achieved 
by adjusting A, and @¢. 
. A, is advanced until some fiducial 
P, i 7 obtained and the dial reading /, is recorded. 
A, and ¢ are adjusted to obtain a new null. 
, A, is advanced until the reading P, is observed, 
and the dial reading /, is recorded. 
5. Steps 1 through 4 are repeated if additional 
points are desired, 


A, and ¢ are 


By following this procedure a series of dial readings 


lL, Uy, bb. . ... is obtained which corresponds to 
equal but unknown increments in the output voltage 
of the attenuator under calibration. 


3.3. Circuit 3 


To eliminate the effects of 
the circuit of figure 3 may 
requires the addition of a 
shifter, @:, attenuator, Ay, and an isolation pad. 

With S, open, the attenuation of A, as a function 
of dial reading is obtained exactly as oulined for fig- 
ure 2. However, voltage as a function of the dial 
reading is obtained without relying on the constancy 
of a fiducial point, This is achieved by introducing 
from the third branch a voltage 180° out of phase 
with the output of A, and of suitable amplitude de- 
termined by Ay. The procedure is as follows: 


1. With S, open, A, is set to the highest desired 
attenuation reading, Jo, and ¢; and A, are adjusted 
until a null reading on the monitor is obtained. 

2. A, is set to any 1" attenuation reading, /,, 
as desired; the switch, S;, is closed, and A, and @, are 
adjusted until a null reading on the monitor is 
obtained. 

3. 8; 1s opened, 


monitor instabilities, 
be used. This circuit 


switch, another phase 


indication. The dial yg ds of Ag is recorded. 

5. Steps 3 through 4 may repeated if further 
equal voltage steps are poe he 

By this procedure, the output voltage of 
function of the dial reading may 
the monitor only as a null indicating device. 


3.4. Circuit 3 (Modified) 


A further modification of the circuit may be a ade 
to reduce interaction effects when the switch, 
opened and closed. 

1. Switch S; is removed or closed. 

2. Attenuator A, is replaced by a step attenuator 
which may be set to either of two fixed values of at- 
tenuation Ay, or Ag. 

The foregoing procedure is used with the excep- 
tion that when it is specified that S, is to be open, 
Aj is set to the higher attenuation level A 


A, as a 


Si, 1S 


», and when | 
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reading | 


and <A; and ¢ are adjusted for | 
nulled voltage output. 


4. S, is closed, and A, and ¢, are adjusted for a null 


be obtained using | 


it is specified that S; is to be closed, the lower attenu- 
ation level A,, should be used. 

The total attenuation in branch A with A, set 
at the higher attenuation level, Ay, should be ad- 
justed so that a null can be obtained for the preceding 
second step. 


4. Experimental Results 


The change in attenuation of an X-band, rotary- 
vane attenuator corresponding to two chosen dial 
readings was measured by the use of circuit 1. This 
value was found to be 2.10 db. The corresponding 
value obtained by an JF substitution calibration sys- 
tem was 2.0+0.1 db. The linearity of the monitor 
was not accurately known and may have been the 
principal cause of error. 

A 30 M/cs attenuation-measuring system, using a 
parallel-branch circuit with a piston attenuator 
operating in the 7’, evanescent mode as the refer- 
ence standard [2], was calibrated with the circuit of 
figure 2. To increase resolution of the constant-gain 
monitor used with this system and to obtain equal 
voltage steps, the circuit shown in figure 6 was used. 
In this circuit the d-e output of the monitor, with the 
switch S; closed, is bucked out by the emf developed 
across P;. The resulting signal, which consists of 
noise and time variations of power and gain, is fed 
into the RC filter network and then amplified. To 
obtain equal voltage steps, P, is adjusted so that the 
voltage across S; corresponds to the desired voltage 
step and then can be switched into or out of the 
circuit by opening and closing S,;. For use with 
circuit 3, P, is not used. The d-e amplifier is of high 
input impedance with variable gain. At the null or 
zero position the meter reads zero, and when the 
voltage across P, is added to the circuit, the meter 
reading can be returned to zero by increasing the 
voltage into the monitor by an amount AV. 

The measured value of the attenuation coefficient 
of the 30 Me/s system was found to be 10.006 db/in. 
with a standard deviation of 0.003 db/in. The value 
of the attenuation coefficient computed from theoreti- 
cal considerations is 10.000 +0.002 db/in. over the 
measured range. 

The circuit of figure 3 was applied to the preceding 
system, with the third branch coupled to the genera- 
tor through a 35-db directional coupler. A 30-db 
attenuator was used for the attenuator A, and the 
switch was isolated from the monitor junction by a 
20-db attenuator. A correction was necessary for 
the change in impedance at the junction. This 


impedance change resulted from the change of 





METER 


Figure 6. Voltage differential and integrating circuit. 





reflected impedance through the 20-db isolation at- 
tenuator to the monitor junction as the switch was 
opened and closed. 
would have effectively eliminated this imteraction 
effect. The the attenuation 
coefficient of the system was 10.003, with a standard 


measured value of 
deviation of 0.003 db/in. 
Laverick’s method was tried on this setup by 
The 
coefficient was 
of 0.004 


inserting a switch in one of the other branches. 
measured value of the attenuation 
10.023 db/in. 


db/in. 


with a standard deviation 


impedance matching of the three branches. 


The error is assumed to be due to improper 
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Special Shielded Resistor for High-Voltage 
D-C Measurements 


J. H. Park 
(September 26, 1961) 


A new design for an accurate high-voltage d-c standard resistor has been devised. It 
is made up of a large number of individually shielded, one-megohm wire-wound resistors 
connected in series and arranged to form a vertical helix between a ground plate and a high- 
voltage electrode. The individual shields completely enclose each one-megohm resistor and 
prevent formation of corona at the surface of the resistance coil no matter how high the 
potential of the shield is above ground. The vertical helical configuration with a large 
“hat,” or high-voltage electrode, on top serves to prevent concentration of electric field 
and corona formation at the high-potential end of the resistor. A 200-megohm unit, con- 
structed during 1955 and tried out up to 100 kv in 1956, indicated the design to be free of 
corona errors but, for the particular one-megohm resistors used, the variation with tempera- 
ture was quite large (0.01 percent per °C). A 100 megohm unit using low-temperature 
coefficient resistors has been recently constructed and tested up to 100 kv. 

An experimental method of checking for corona or leakage errors at high values of 
voltage was developed. It consisted of accurately comparing the current ‘‘in’’ at the high 
voltage end of the resistor with the current ‘“‘out’’ at the ground end for several different 
values of applied voltage. These measurements together with others performed to check 
temperature and leakage errors indicated that the value of resistance for the 100-megohm 
unit remains constant to within about 10 ppm for voltages up to 50 kv under ordinary labora- 
tory conditions. At 100 kv the maximum error (caused by heating) was estimated to be 
about 40 ppm. 


1. Introduction | discharges which may appear at locations of high 
| gradient along the resistor as the voltage is 
Accurate measurements of d-e voltages at values | increased—in effect they “leak” part of the resistor 
above 10 v are nearly always dependent upon a | current to ground. The heating effect, factor (1 
resistive voltage divider which consists of a high | can be quite bothersome unless the overall tempera- 
resistance, #2, in series with a low resistance, R,. | ture coefficient is very low. However, a_high- 
The voltage to be measured is connected across the | voltage resistor is most conveniently made up by 
series combination with R, at the ground end. The | connecting a large number of one-megohm units 
divider ratio, (2+ R,)/R,, is chosen to give about a | in series. Thus, temperature coefficient can be 
1 v drop across R,, which can then be measured | reduced to a negligible minimum by choosing some 
with a null potentiometer. This is the well known | resistors with positive and others with 
£ volt-box”’ method and tapped resistors or ‘‘volt | temperature coefficients. This can readily be done 
boxes”’ are readily available for voltages up to at | if a large number of one-megohm units made up 
least 1,500 v. In extending this method to higher | of either Karma! or Evanohm' wire are available 
voltages the only additional “diffic ulty is in designing and their temperature coefficients have been meas- 
a high- voltage resistor with an effective value which | ured. Factors (2) and (3), above, cannot be meas- 
does not change with voltage. ured and reduced to a low magnitude in any such 
A change in effective resistance with voltage may | simple manner. Thus, the primary design problem 
be due to any one or a combination of three factors: | is to keep leakage and corona effects as low as 
(1) heating of the resistance wire due to the /?R | possible. Also, some experimental method must be 
loss—the magnitude of this change will depend | devised to check for these effects with full voltage 
upon the temperature coefficient of the entire resis- applied to the complete resistor. 
tor; (2) current leakage through the volume or over 
the surface of the insulation used to support the 
resistor—such leakage usually increases with voltage 


° . : ‘ | l'rade names for special alloys (NiCr+Al+Fe) having high resistivity and 
and in effect decreases the total resistance; (3) corona | jow temperature coe fie ient of resistance 


negative 
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2. Helical Resistor Made in 1955 


A special helical design to keep corona effects to a 
minimum when a large number of 1-megohm resistors 
are connected in series was first devised in January 
1955. It was made up of 200 one-megohm wire- 
wound resistor units which had been obtained on 
surplus after World War IT. Each unit consisted 
of wire wound on a cylindrical spool * in. in diameter 
and 1% in. long and connected to screw terminals at 
each end of the cylinder. Overlapping brass caps 
with ribbon insulation between them were attached 
to the screw terminals as indicated in figure 1. 
These two brass caps form a complete potential 
shield around the unit and definitely fix the voltage 
gradient environment immediately surrounding the 
resistance wire. Such voltage gradients are deter- 
mined only by the potential difference between the 
two caps which is equal to the 7R drop across the 
resistor. Thus the possibility of corona appearing 
in the air immediately surrounding the resistance 
wire is eliminated no matter how high the potential 
of the resistor and its shields may be with respect to 
eround. 

A jig was made to support the individually shielded 
units along a circular helical path. They were then 
soldered together in this position and mounted on a 
lucite tube 4 in. in diameter and 39 in. high as 
shown in figure 2. The circular helical shape keeps 
a uniform potential drop per turn along the lucite 
tube. The 24 inch diameter copper “hat’’ placed 
on top of the lucite tube serves to intercept electro- 
static lines of force from objects at ground potential 
and prevents concentration of such lines of force 
at the top turns of the resistor helix. Thus the . 
gradient at the outside surface of the individual 
resistor caps is very nearly the same for units near 
the top as those near the bottom, and the possibility ~ 
of corona from these shield caps is greatly reduced 
or eliminated. 
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hy URE 4 Th st model of helical resisto 


If there were any coroha discharge or even “dark 
current”? from the resistor at some point between 
the high-voltage electrode and the low-voltage lead, 
it would cause the current ‘out’? at the low-voltage 
lead to be less than the current “in’’ at the high- 
voltage electrode. This would introduce a change 
in the value of effective resistance which is used in 
voltage measurements. Current leakage through 
or over the surface of any insulating supports would 
cause a similar type of error. An experimental 
check for such errors can be obtained by getting 
a simultaneous measurement on the current “in” 
and “out’’? at various voltages up to the highest 
which can be used. This was done by adjusting 

tors. mounted the applied voltage to give a certain fixed value of 
model of helical | current ‘in’? under steady conditions and measuring 
the current ‘out’’. 

The current “‘in’’ was set to a fixed known value by 
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passing it through a standard resistor and balancing 
the IR drop to that of a standard cell by use of a 
reflecting mirror galvanometer. The standard resis- 
tor, standard cell, and galvanometer were placed on 
top of the high-voltage electrode and covered with 
a 3-gal cylindrical can to prevent corona discharges 
from them. The resistance of the standard resistor 
used in this circuit was chosen to give the value of 
current desired. The current ‘‘out’? was measured 
in the usual manner by passing it through a standard 
resistor and measuring the IR drop with a null 
potentiometer. The procedure then was to choose 
a value of standard resistor to give the required 
current ‘in’? and adjust this current to give a 
balance on the reflecting galvanometer mounted 
inside the 3-gal can. When a balance was attained 
the current “out’’ was read on the potentiometer at 
the ground end. Any discrepancy between these 
two currents indicated either a leakage or corona 
effect. 

Some special precautions taken during these meas- 
urements should be noted. The switch closing the 
galvanometer circuit inside the 3-gal can must not 
be closed until the current has been approximately 
adjusted to the correct value. This requires a 
remotely operated switch because the 3-gal can is at 
high voltage. A waxed cord was tried first for 
operating this switch but found to be unsatisfactory 
because it jarred the galvanometer off scale. A 
relay operated by a photoelectric cell circuit which 
could be closed by a beam of light was installed 
inside the 3-gal can and found to operate satisfac- 
torily. It was also found desirable to place extra 
filter capacitors across the high-voltage supply, 
giving high RC time constants on both charge and 
discharge, thus serving to keep the current steady. 

Current measurements were made using 5,000- and 
2,000-ohm standard resistors in the 3-gal can giving 
voltage values of approximately 40 and 100 kv 
across the 200-megohm resistor. At 40 kv the 
current “in’’? and current ‘out’ agreed to within 
about 20 ppm which was considered the limit of 
accuracy for this particular test. At 100 kv the 
agreement could be certain only to within about 
70 ppm because of unsteadiness in the supply voltage. 
No further attempt to minimize these measurement 
errors Was made at that time because the expected 
accuracy of the first model was about +0.01 percent. 

Actually the largest error in this model was found 
to be due to the temperature coefficient of resistance 
of the 1-megohm resistors. Apparently Nichrome V 
wire had been used in winding these resistors. The 
measured change of resistance with room temperature 
as determined with low voltage applied was +0.01 
percent per degree C increase in ambient temper- 
ature. The inerease of resistance with applied 
voltage followed the square law as expected, and 
this total change from low to rated voltage of 100 kv 
was 0.09 percent. Correction curves were derived 
for changes in applied voltage and room temperature. 
[t was concluded that, with care in applying these 
corrections, accuracies within 0.02 percent could be 
expected for applied voltage up to 50 kv. 


| FIGuRE 3. 


| 3. Improved Helical Resistor Built in 1961 


The first model has been used as a standard for 
calibrating other high-voltage resistors at the 
National Bureau of Standards for several years. In 
most cases the accuracy attainable was sufficient, 
but in several instances accuracy needs reached 0.01 
percent or better. In view of the ever higher accu- 
racy needs as time goes on, especially in experiments 
involving the accurate measurement of atomic and 
nuclear constants, it was decided to build another 
resistor of the same design using 1-megohm units 
with lower temperature coefficients. 

In 1960 it was found that due to improvements in 
resistor winding techniques and to the development 
of special alloy wire of low temperature coefficient, 
it was possible to obtain 1-megohm units guaranteed 
to have a temperature coefficient less than 5 ppm per 
degree C. A large number were ordered, and on 
delivery their temperature coefficients were deter- 
mined by measurements at three or more tempera- 
tures between 20 and 44°C. They were all well 
within the 5 ppm per degree C limit—also some 
resistors increased and others decreased with rising 
temperature and in general the change was propor- 
tional to temperature. Thus it was possible to 
choose matched pairs of these resistors with nearly 
zero average temperature coefficient. By connecting 
such matched pairs in series, a high-voltage resistor 
with nearly zero change with temperature was made. 

To keep corona and leakage errors as low as pos- 
sible the same spiral type of construction as that in 
the first model was used. A new technique for 
making the shields and connecting them in a helix 
was devised. Each shielded unit contained two 
resistors and was assembled from brass parts, ma- 
chined out of tubing, and a 45° brass elbow, as shown 
in figure 3. Polyethylene sheet insulation was used 
between the overlapping shields around each resistor 
as before. Eight of these units, fitted together, con- 
stitute a single turn of the helix with an outside 
diameter of 915 in. They were fastened to a 7-in.- 
diam lucite tube (}¢ in. wall thickness) using one 
nylon clamp and screw for each unit. The pitch of 
the helix was chosen to prevent any possibility of 
corona between adjacent turns. 








A two-resistor shielded unit as used in the second 
model of helical resistor. 





First an estimate of required pitch was made based 
on a maximum rated voltage for each 1l-megohm 
resistor of 1,000 v. This gave 16 kilovolts per turn. 
A pitch of 2% in. per turn was taken, giving 1% in. 
between adjacent brass shields from one turn to the 
next. A 1}o-turn resistor (maximum rating 24 kv) 
was made up using this pitch and its resistance was 
measured at various voltages up to 27 kv. This was 
done using a wheatstone bridge with the 1955 model 
200-negohm helical resistor as the other high- 
voltage arm. Only gradual uniform changes in 
resistance were noted as voltage was increased in 
steps from 5 to 27 kv, and they could be accounted 
for by heating effects. There was no evidence of 
corona effects even at 27 kv, which is 125 percent of 
the maximum to be used. 

On the basis of these preliminary tests a 100- 
megohm resistor of 614 turns was made up with the 
same pitch. The lucite tube is 1614 in. long and 
mounted vertically between a brass ground plate and 
a high-voltage electrode as shown by the photograph 
in figure 4. The electrode on top of the lucite tube 
was Cesigned so that another similar resistor could be 
placed on top of it. By stacking resistors and con- 
necting them in series, voltage ranges in multiples of 
100 kv could be obtained. At present only one 100- 
megohm resistor has been constructed because so far 
there has been no urgent requirement for very accu- 
rate Measurements at voltages above 50 kv. How- 
ever, corona tests on the high-voltage electrode were 
made up to 200 kv by using two 100 kv power supplies. 
The normally grounded brass plate was supported on 
ceramic insulators and connected to the minus 100 ky. 


The high-voltage electrode was connected to the plus 


100 kv. For this test the 100 1-megohm resistors 
were removed but the same lucite tube was used to 


Ficure 4. 100 kv, helical resistor 


in 1961. 


100-megohm, constructed 


separate the electrode from the brass plate. Only 
& Visual test could be made; thus the setup was put 
inside a completely enclosed dark box large enough 
to house an observer also. With a total voltage of 
200 kv between brass plate and electrode there was 
no visible or audible evidence of corona. Since this 
Was twice the maximum voltage ever to be used with 
the resistors in place, it was concluded that there 
would be no corona current off the middle shield 
electrode when two units are stacked in series. If 
more than two units are to be stacked, further corona 
tests should be made and possibly larger shield elec- 
trodes than the one shown in figure 4, which is 22 in. 
in diameter, would be required. 


4. Accuracy Limits on 1961 Model 


Throughout the design and construction of the 
1961 model helical resistor, primary consideration 
was given to eliminating any possible corona or 
leakage errors. Corona tests were made using volt- 
ages much above the expected maximum rating. 
These precautions by themselves do not eliminate 
the possibility of corona and leakage errors. The 
crucial test for detecting such errors is to measure 
current “in”? and current ‘out’ by the method al- 
ready described and used for the 1955 model. 

The accuracy attained was considerably improved 
over that in the previous tests. In part the higher 
accuracy was obtained by using somewhat more 
sensitive galvanometers and reducing the effects of 
thermal emf’s. However, the main improvement 
was obtained by stabalizing the d-c voltage supply, 
getting finer control, and using greater patience. 
Also, by a modified experimental procedure, any 
constant Measurement errors such as might be in- 
troduced by the potentiometer, resistance standards, 
or standard cells were cancelled. This was done by 
taking current “in” and ‘out’? measurements at low 
voltage with the 100-megohm resistor shorted, before 
and after each high-voltage check. Then if the po- 
tentiometer reading at balance is the same at high 
voltage as at low voltage with the resistor shorted, 
ho leakage or corona effects are introduced by the 
high voltage. 

Measurements were made with three different val- 
ues of current (approximately 0.204, 0.509, and 1.019 
ma) giving total voltages across the resistor of about 
20.4, 50.9, and 101.9 kv. The odd values resulted 
from the use of 5,000-, 2,000-, and 1,000-ohm NBS- 
type resistance standards in conjunction with an un- 
saturated standard cell for setting current “in.” A 
5-dial null-tvpe Wolff potentiometer was used to 
measure the voltage across a similar standard resistor 
connected between the resistor low-voltage lead and 
ground, yielding the current ‘“out.”” The precision 
obtainable with stable current and fine control was 
considered to be within 10 ppm. The check of cur- 
rent “in” and “out” with the 100-negohm resistor 
shorted gave values agreeing within 10 ppm. With 
the 100-megohm resistor unshorted, requiring high 
voltage to balance current ‘“in’’ and “out’’, settings 
on the Wolff potentiometer were the same within 
10 ppm as with the 100-megohm resistor shorted. 
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The accuracy of setting the Wolff potentiometer 
with 20 and 50 kv across the resistor was within 10 
ppm, i.e., the same as when the 100-megohm resistor 
was shorted. With 100 kv across the resistor this 
accuracy was estimated as within 20 ppm—the small 
increase being due to greater difficulty in holding cur- 
rent nearly constant at the required value. 

Current “in’’ and “out’’ data were obtained on 
several different days over a period of 2 months. 
Room temperature varied only from 24 to 25 °C and 
relative humidity from 37 to 50 percent. 


Most of 


. | 
these data were taken with the brass ground plate | 


connected to ground and tied to the resistor low- 
voltage terminal through the standard resistor used 
in measuring current “out’’ (because that is the way 
the resistor will normally be used). As a further 
check on possible leakage current errors when two or 
more complete units are connected in series, data 
were also taken with the brass ground plate con- 
nected to the resistor low-voltage lead and insulated 
from ground. On all of these tests the current “out” 
was found to be equal to the current “in’”’ to within 
the accuracy of measurement. This shows that co- 
rona and leakage errors for this helical resistor are 
less than 10 ppm for voltages up to 50 kv and are not 
greater than 20 ppm for 100 kv. 

The only other source of error is that due to the 
overall temperature coefficient of resistance of the 
l-megohm wire-wound resistors. The temperature 
coefficient from 20 to 40 °C as measured for each 1- 
megohm resistor used in this resistor was less than 2 
ppm per degree C. Also resistors with approxi- 
mately equal positive and negative temperature co- 
efficients were mounted as pairs. The overall tem- 
perature coefficient is estimated to be less than 0.4 
ppm per degree C. Thus no correction for room 
temperature under normal laboratory conditions 
need be applied. Heating of the 1l-megohm units 
due to current at the higher voltage values, however, 
might cause a slight error because the resistors are 
totally enclosed and attain higher temperature than 
they would in a free air space. An estimate of the 
magnitude of such heating errors was obtained as 
described in the following two paragraphs. 

During the corona tests evidence of heating errors 
were detected (as already mentioned) when the resist- 
ance of the 1's-turn, 24-unit, test sample was mea- 
sured at various voltages. These 24 units were all 
purposely chosen to have large temperature coeffi- 
cients of the same sign so that temperature rise 
could be estimated from change in resistance. The 
average coefficient for the 24 units was —3 ppm per 
degree C. The total change in resistance, from a 
measurement at 9 kv taken immediately after putting 
voltage on, to a measurement at 12 kv after voltage 
had been on for about 70 min, was 70 ppm. This 
indicates a temperature rise of about 23 °C with 0.5 
kv applied across each l-megohm coil. Thus for the 
complete 100-megohm resistor it would take 50 kv 
to produce a 23 °C temperature rise; but since the 
complete resistor is made up of temperature compen- 
sated pairs, the 50 kv would cause a resistance change 
of less than 10 ppm. 


‘ 
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Voltages above 12 kv were also applied to the 24- 
unit special test resistor in order to estimate possible 
heating errors at higher voltages. After 24 kv had 
been applied for 2 hrs the shields around the resistor 
units became noticeable hot to the touch and the 
total change in resistance was 270 ppm. Based on 
the —3 ppm temperature coefficient this would mean 
a 90 °C temperature rise for the resistance wire. 
Since the final 100-megohm resistor has an estimated 
temperature coefficient of 0.4 ppm, as compared to 
3 ppm for the 24-unit special test resistor, its maxi- 
mum change with 100 kv applied would be only 36 
ppm. However, this voltage does cause considerable 
heating and should not be held continuously. It was 
arbitrarily decided that after applying voltages above 
70 kv for 30 min a cooling period of 30 min should be 
allowed with no voltage applied. 


5. Calibration of 100-Megohm Resistor 


As explained in the preceding section, it has been 
experimentally demonstrated that corona and leak- 
age errors for this 100-megohm resistor remain within 
certain limits up to 100 kv. Within these limits 
then it is permissible to calibrate or measure its resist- 
ance at low values of voltage and then use this 
measured resistance at much higher voltages to com- 
pute resistor JR drop. 

One method of calibration was to measure each 
l-megohm unit individually by placing it in the 
“unknown” arm of a Wheatstone bridge. All other 
arms of the bridge were made up of sealed NBS-type 
standard resistors except for a decade resistor box 
used for fine control by supplying from 0.00 to 10.00 
ohms in 0.01-ohm steps. Values of all resistances 
used in the bridge, except the 1-megobm unit being 
tested, were carefully determined by the Resistance 
and Reactance Section of the National Bureau of 
Standards. Temperature corrections were applied 
when necessary. These measurements were made 
before the complete resistor was assembled. The 
total was taken to be the sum of the 
measured values for the 100 units comprising the 
complete resistor. 


resistance 


A question now arises as to a possible change in 
effective resistance of an individual unit due to its 
being mounted inside its shield caps and their being 
mounted in turn on the lucite tube using nylon 
clamps and screws. Such a change could be caused 
by leakage current either via the lucite tube and 
nylon clamps or via the polvethelene between shield 
caps. Normally any leakage current via the lucite 
tube would have been detected during the current 
“in” and “‘out”’ tests but leakage via the polyethelene 
would not. To check for a possible error due to 
such leakage, the resistances of several matched pairs 
of the 1-megohm units were measured after they had 
been mounted inside their shields and on the lucite 
tube. In every case the resistance thus measured 
agreed to within 10 ppm with the sum of the resist- 
ance of the individual units measured 
assembly. 


as before 





Another method of calibration was used with the 
complete resistor assembled. This was to make 
connections at every fifth brass elbow (every 10th 
resistor unit) that the 100-megohm standard 
could be divided into 10 sections of 10-megohm 
units. These 10 sections were then connected in 
parallel and measured as a 1-megohm resistor. The 
resistances of all 10 sections in series could then be 
readily computed from the parallel resistance value, 
provided the resistance of each section is equal to 
10 megohms (within 0.1 percent). Values were 
obtained in this manner on several different days 
and at room temperatures from 23 to 26 °C. All 
such values agreed with that obtained by summing 
individual resistor measurements to within 15 ppm. 


sO 


6. Summary 


A special design of high-voltage d-c resistor made 
up of a large number of individually shielded 1- 
megohm wire-wound connected in series 
and arranged in helical form, was investigated and 
found to be suitable for voltages up to 100 kv. 

Measurements on the first helical resistor built in 
1955 indicated negligible leakage and corona errors 
to within the accuracy of the measurements made at 
that time. However the heating errors were consid- 
erable (0.01 percent per degree C) in this resistor 
because of the temperature coefficient of the wire- 
wound 1-megohm units. 


resistors 


} 


A second helical resistor, of the same design, was 
constructed in 1961 using 100 one-megohm, low- 
temperature coefficient, wire-wound units. By using 
matched pairs of these units having temperature 
coefficients equal in magnitude and opposite in sign, 
the final 100-megohm resistor was estimated to have 
a temperature coefficient not greater than 0.4 ppm 
per degree C. Corona and leakage errors for this 
resistor as determined using improved measurement 
techniques were found to be less than 10 ppm at 
50 kv and less than 20 ppm at 100 kv. 

This 100-megohm resistor has a special “hat” or 
high-voltage electrode designed to give uniform 
gradients from it to ground. This would allow other 
similar resistors to be stacked on top of it and con- 
nected in series for higher voltages. Corona tests 
on the electrode indicated the feasibility of such 
‘stacking’. Exact limits of accuracy attainable at 
voltages above 100 kv have not vet been determined. 


The construction of the two high-voltage resistors 
described above was carried out almost exclusively 
by John L. Mills. Harold N. Cones and John L. 
Mills performed most of the experimental measure- 


ments. 
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Voltage Ratio Measurements With a Transformer 
Capacitance Bridge’ 
(October 23, 1961) 
Thomas L. Zapf 


A bridge having inductively-coupled ratio arms, designed for the calibration of capac- 
itors, is applicable to the accurate measurement of voltage ratio and phase angle of a-c 


voltage dividers at audiofrequencies. 


The ability to measure quickly the ratios of certain 


capacitors in the bridge circuit, and the excellent inherent accuracy of the inductively-coupled 
ratio arms in the bridge, combine to permit the measurement of ratio of voltage dividers by 


a method independent of absolute determinations of any of the electrical units. 


This paper 


describes equipment now available and procedures developed at the National Bureau of 
Standards for the accurate calibration of voltage dividers at audiofrequencies by this method. 


1. Introduction 


Equipment commonly used for the establishment 
of known voltage ratios includes volt boxes, resistive 
voltage dividers, attenuators, and inductive voltage 
dividers. With the exception of inductive voltage 
dividers, these devices are generally constructed of 
resistive elements, which, if used on alternating 
current at higher audiofrequencies, cannot be 
relied upon to the accuracy with which they can be 
calibrated on direct current, because of the delete- 
rious effects of uncompensated inductance and 
capacitance. 

Variable inductive voltage dividers are now widely 
used as ratio arms of bridges for the calibration of 
resistors, capacitors, and inductors as well as other 
ratio devices throughout a large part of the audio- 
frequency spectrum. The inherent stability and 
accuracy of inductively coupled ratio arms, together 
with excellent resolution of ratio, have challenged 
the capabilities of equipment and techniques formerly 
used to measure voltage ratios. 

The search for better accuracy in the calibration 
of inductive voltage dividers has led to the devel- 
opment of several methods [1, 2, 3] for determining 
corrections to the nominal readings. Another 
method, capable of determining these correctiens 
with an uncertainty less than +0.000 000 2, has 
resulted from an investigation of possible other 
applications of apparatus intended for the accurate 
measurement of capacitance. 


2. Capacitance Bridge 


The bridge circuit that is used for the voltage 
ratio measurements has been described [4], and con- 
sists of accurate inductively-coupled ratio arms 
having very low effective series impedances, a group 
of three-terminal air capacitors, and a conductance 
balancing circuit. These components and the un- 
known capacitor, Cy, are shown schematically in 
figure 1. Each of the capacitors, C,, C), 
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Cy, has one electrode connected to the detector and 
the other electrode connected separately to the 
rotors of eight switches. Each switch has 12 
positions, the fixed contacts being connected to 12 
taps on the winding of the inductively-coupled 
ratio arms. The position of the contact arm of 
each switch is numbered according to its connection 
to the ratio arms, —1, 0, 1, 2, 3, .10, and each 
switch is identified by the capacitance-per-step 
that it controls. The corrected reading of the dials 
associated with these switches represents the capaci- 
tance required to balance the bridge and is denoted 
by C,. Asimilar arrangement of switches associated 
with an auxiliary inductive voltage divider and a 
resistance-capacitance network provides control over 
the conductance balance. If Cy and Gx are the 
capacitance and the shunt conductance of the 
unknown, G, is the conductance associated with 
the capacitance complex C4, and Gz is the reading 
of the conductance balance controls on the bridge, 
then 
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Figure 1. Schematic of a transformer capacitance 
ductance bridge used for the accurate 
direct capacitance. 





A self-consistent calibration of the capacitance 
decades in the elds can be accomplished quickly 
by an internal step-up method. The accuracy of the 
bridge for capacitance calibration work is limited by 
the accuracy of the standard capacitor to which the 
self-consistent calibration is referred. This does not 
detract from the ability of the bridge to measure the 
ratio of the capacitances of two nearly equal capaci- 
tors to better than one-tenth part per million. 


3. Voltage Divider Calibration 


In figure 2 a generalized voltage divider having an 
output-to-input-voltage ratio denoted by A is shown 
connected to the bridge and to a three-terminal ca- 
pacitor, C. The voltage divider reduces the veltage 
applied to one elec trode of the ‘three-terminal capaci- 
tor by a factor A times the voltage that would be 
applied if the capacitor were connected directly to the 
upper extremity of the bridge transformer. In gen- 
eral, the voltage at the adjustable tap of a voltage 
divider will not be exactly in phase with the voltage 
applied to its input terminals, and the difference in 
phase can be expressed as a phase angle. A very 
small phase angle affects the conductance balance to 
a significant extent but has only a second order effect 
on the capacitance balance. When the bridge 
balanced, the readings of the bridge, corrected for 


Is 


internal errors, yield values for the apparent capaci- | 


tance and conductance, Cy and Gy, connected to the 
terminals of the bridge. 

The capacitance balance of the bridge is a measure- 
ment of the ratio of the in-phase (real) ) components 
of the complex voltages, and the conductance bal- 
ance is a Measurement of the quadrature (imaginary) 
component. Because the phase angles involved are 
very small] (see fig. 3) no appreciable error arises from 
considering that the ratio of the magnitudes of the 
voltages, A=Ay|(1+a)’+6]?, equals the ratio 
of the in-phase components, Ay(1+a). Also, no 
significant error arises by considering that = _— 
angle, y, equals 8 in the equation A- Ay (1 +-7B). 
Because of the somewhat independent no tl ‘of the 
capacitance and the conductance balance, they will 
be considered separately. 
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Ficure 2. Simplified 
bridge used to 
dividers 
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FicgurEe 3. The phasor diagram defines the true ratio, A, and 
phase angle, y, in terms of the nominal ratio, Ay, the ratio 
error, a, and the quadrature component, B 


The phase angle and ratio errors are grossly exaggerated for clarity. 


4. Voltage Ratio Measurement 


The voltage ratio of a generalized divider is indi- 
cated primarily by the capacitance balance of the 
bridge. The reduced voltage applied to capacitor C 
is equivalent to the full voltage applied to the meas- 
ured capacitance, Cy. In figure 4 it is evident that 
the relationship between Cy and C is 

Cy=AC. 
Therefore, the scalar voltage 


ratio of the genera- 
lized voltage divider is 


A (4) 


The resolution of the capacitance balance of the 
bridge often approaches 1 part in 10°; hence, excel- 
lent accuracy in ratio measurements is easily achieved 
if care is taken to eliminate the effect of environmen- 
tal disturbances such as changes of temperature. 

The actual ratio measured by this procedure may 
differ, both in magnitude and phase angle, from the 
ratio that would be obtained if no current were with- 
drawn from the divider at the adjustable tap. The 
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Ficure 4. The equivalent circuit and phasor diagram on the 
right represents the capacitance and parallel conductance 
equivalent to the actual circuit with voltage divider shown 
on the left. 





effect of loading on the voltage ratio of resistive and 
inductive voltage dividers is considered in sections 7 
and 8 of this paper. In general, this effect may be 
expressed as a magnitude error and a phase angle 
error. Corrections, » and p, to the measured ratio, 
A, may be defined by the following equation: 


Ay=A(1+y4+ Jp) (5) 


where Ap 
connected, 


is the voltage ratio when no load is 


5. Phase Angle Measurement 


The conductance balance of the bridge is related 


to the phase angle associated with the voltage divider | 


as well as to the conductances of capacitors C and 
C, (fig. 2). The relationship among these para- 
meters is such that the phase angle of the divider may 
be calculated from the difference between certain 
conductance balances of the bridge. In this paper 
the phase angle, y, of the voltage divider is defined 
as the angle between the phasors V4 and V7, where 
V4 is the voltage at the adjustable tap and V7 is the 
voltage at one extremity of the divider, both referred 
to & common point at the other extremity unless 
otherwise noted. The phase angle is considered 
positive if Vi, leads Vp and negative if V4 lags Vr. 
These phasors and the circuits to which they refer are 
depicted in figure 4. The right half of the figure 
represents the equivalent circuit, as measured by the 
bridge, of the more complex actual circuit shown on 
the left. It is evident that 


(6) 


and 
a v+y. (7) 
Then 

¥=9—-V=¢.— $r, (8) 
and at any frequency, f, if @ and ¢, are very small 
angles, it can be shown that 
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where T Combining eqs. (8), (9), and (10) yields 


=7(8-2) 


z 


(11) 


It has been found convenient to express the phase 
angle of voltage dividers in fractions of a radian. 
If 7 is expressed in microseconds, G and Gy in 
picomhos, C and Cy in picofarads, eq (11) yields y 
in microradians. 

The phase angle correction for loading is significant 
and is discussed in section 7. 





6. Three-Terminal and Four-Terminal 
Dividers 

The excellent resolution obtained by this method 
led to the consideration of errors resulting from the 
impedance in the leads and connectors that are used 
to connect voltage dividers to other circuit elements, 
as well as the errors resulting from undesirable losses 
within the ratio apparatus itself. 

In order that the calibration of ratio devices be 
useful, the conditions under which the equipment is 
used must be duplicated at the time of calibration, 
or corrections must be made for any significant 
differences. One source of significant difference is 
the manner in which connections are made to the 
input and output terminals. Many ratio devices, 
both resistive and inductive, are constructed with 
four terminals, so that a source may be connected 
to two “input” terminals, and a load connected to 
the two “output’’ terminals. Often one input ter- 
minal and one output terminal are connected together 
internally by a wire of low, but not infinitesimal, 
impedance. Nevertheless, such a device may be 
described as “‘four-terminal,’ and the internal 
branch-point may be considered the lower extremity 
of the output of the divider. 

On the other hand, one of the common terminals 
may be ignored and the divider connected to a 
circuit as a three-terminal device. Current in the 
wires between the terminals and the internal branch- 
points produces voltage drops that can cause a three- 
terminal calibration to differ significantly from a 
four-terminal calibration. In figure 5 the input volt- 
age, E,, of the divider is the potential difference 
between the input terminals 3 and 1. If v, represents 
the magnitude of the in-phase component’ of poten- 
tial at terminal n relative to terminal 0, 

E,=v3—1). (12) 
The output voltage, Hy, of the divider, considered 
as a four-terminal network, is 


Ey=4—l2, (13) 


and the output voltage, 7, of the divider, considered 
as a three-terminal network, is 


(14) 


E7=U4—X. 


Now certain ratios of the in-phase component of 
potential, relative to the 0 terminal, may be defined 
as follows (see fig. 6): 


v; U4 
>and Ay=—) 
Us v 
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from which 


V,=A,Uz, Ve=Agvs, V3= Ags, and 2%, 


. Ds Ay;. (16) 

1 The term “in-phase component” and the prime notation here denotes com- 
ponents in phase with the reference voltage phasor, Es (or reference voltage 
ratio phasor, As). As indicated previously, these in-phase components are very 
nearly equal to the absolute values because the quadrature components are 
comparatively very small 
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It is apparent that the in-phase component of volt- 
age ratio for the four-terminal network is 


Ay 


(17) 


and the corresponding ratio for the three-terminal 
network is 

Es 

Ay 7 (1S) 


Be 


These equations show that the desired ratios, Ay or 
Ay, may be computed from measurements of certain 
other elementary ratios. It can be shown that A, 
and Ay are related by the equation 


(19) 
where 


(20) 


In the calibration of the decade ratio apparatus 
now in use as a standard at NBS Electronic Calibra- 
tion Center it measure A,, Ao, 
and A; more than once because these ratios are pri- 
marily dependent upon impedances which remain 
essentially constant during the calibration. The 
ratio A, was measured for cach dial setting of interest, 


was unnecessary to 


| 


| 
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and the ratio Ay or Az, or both, was computed 
according to eqs (17), (18), or (19). It is evident 
from eq (20) that 6 in eq (19) is independent of ratio 
setting A, In the calibration of other decade 
dividers, 6 may not be truly independent of Ay. A 
redistribution of internal stray impedances or large 
external loading impedance, Ay is varied, may 
cause a significant change in A;, As, As, and it may 
be necessary to measure these for each value of Ay. 

Turning now to the consideration of phase angle 
measurements, it will be convenient to express the 
phase angle, y, in terms of the in-phase and quadra- 
ture components of the complex voltage ratio. Here 
y is intended to represent the angle between the 
output-voltage phasor and the input-voltage phasor, 
even though the separate phasors may not have a 
common origin in the four-terminal network 
described). 

The quadrature components of the complex voltage 
ratio at the terminals 1, 2, 3, and 4, are denoted by 
91, Y2, Js, and gs, as shown in figure 6. At each point 
of measurement the quadrature component measured 
from the reference voltage phasor can be obtained 
from g= Ay where ¥ is determined in accordance with 
(11). The phase angle for the four-terminal net- 
work is the angle between /y and FE; 


as 
1 


(as 


eq 


( ( 

ia (21) 
»— Ay 

and since A; and A, are very small, and A, is approxi- 

mately 1, eq (21) can be simplified for practica! 

computations, giving 


(22) 


Similarly, the phase angle for the three-terminal net- 
work is the angle between Fy and £; 


hence 


(24) 


The eqs (22), (23), and (24) provide a useful means 
by which the phase angles for the four-terminal and 
three-terminal networks may be computed from the 


quadrature components of the complex voltage ratio. 


7. Resistive Divider Calibration 


Several sources of error accom pany the measure- 
ment of ratio of resistive voltage dividers by the 
method described in this paper. The small voltage 
drops in the wires connecting the voltage divider to 
the bridge constitute a source of error for which 
correction may be made. The resistance in the leads 
in series with the resistive voltage divider causes 4 
voltage drop affecting the measurement of ratio. 
This error, if not unduly large, can be eliminated by 
the procedure deseribed in section 6. 





Resistive dividers having low resistance, when con- 
nected to the bridge transformer as in figure 2, can 
burden the transformer to an intolerable extent. If 
loading on the secondary of the bridge transformer 
imposes a limitation on the accuracy of the measure- 
ment, the transformer may be energized by connect- 
ing the a-c source across that part. of the secondary 
in parallel with the resistive divider rather than to 
the primary winding. When this connection is 
made, the primary of the bridge transformer is 
ignored and the secondary serves as an inductive 
voltage divider, in which the loading from interturn 
capacitance and leakage inductance becomes a source 
of error, but of smaller magnitude. Thus, the cor- 
rections for the errors in ratio of the transformer 
would not be expected to be the same as those dis- 
cussed in section 9, and may be considerably larger. 
The calibration of resistive voltage dividers by this 
method has not progressed to the extent that accu- 
racy of measurement was restricted by errors in the 
transformer. It is more convenient to calibrate 
resistive voltage dividers by comparison with induc- 
tive voltage dividers which have been calibrated by 
the method described in this paper. 

Another source of significant error arises from 
the loading on the resistive voltage divider, pre- 
dominantly by the capacitance to ground, C,, from 
the adjustable tap. Resistive voltage dividers 
having high resistance are particularly susceptible 
to loading of this sort. The current from this 
capacitance in the resistive voltage divider causes 
ratio and phase angle errors at the adjustable tap 
of the divider that can be expressed by the equation 


As | (25) 


where Ay is the ratio with no load connected to the 
output of the divider, A is the voltage ratio in the 
presence of loading, Ne, is the reactance of the 
capacitance C,, and R+jX,=Z, where Z is the 
total impedance of the voltage divider. In resistive 
voltage dividers it 1s expected that Xr <BR, so 
that the most prominent correction term is the last 
one as shown in eq (25). Thus, the effect of capaci- 
tive loading on the real component of the complex 
ratio is generally negligible, while the effect en the 
phase angle may be significant. The correction to 
the phase angle measurement is dependent upon 
the ratio being measured and is the greatest when 
A=0.5. 

It must be noted that eq (25) 
to a resistive divider circuit having a uniformly 
distributed inductance. Loading errors of decade 
voltage dividers having the Kelvin-Varley slide are 
represented only approximately by eq (25). The 
treatment of loading errors for other, more complex, 
resistive voltage dividing circuits requires detailed 
analysis and will not be discussed here. The veltage 
division with actenuators is 
particularly susceptible to loading, and for this 
attenuators are not usually considered 
suitable for use as standards of voltage ratio in the 
audiofrequencies. 


wae 
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is applicable only 


associated resistive 
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For simple resistive voltage dividers it is evident 
from eq (25) that the corrections, » and p, defined 
in eq (5) are 

p=—w*(A—A’*)C,L (26) 
and 
p=w(A—A*)C,R. 27) 


Corrections ean be made to reduce these errors, 
leaving only second order errors to contribute to 
the overall uncertainty of measurement. In practi- 
cal measurement work the small second order errors 
(resulting from the use of certain approximations 
in the derivations of the above equation ) are generally 
extremely small relative to the accuracy limit im- 
posed by the resolution and stability of the resistive 
divider being calibrated. 

If a reasonably accurate Measurement of phase 
angle is desired, it is evident from eq (27) that 
C,, should be small in order to reduce to a minimum 
the quadrature error component for which correc- 
tion must be made. A practical limit to the reduc- 
tion of C, is imposed by the necessity of obtaining 
sufficient resolution in the ratio measurements as 
indicated by eq (4), in which the direct capacitance, 
C, is a part of the total capacitive load, C 
divider. 

In the event that the correction for loading, as 
described here, is inconvenient or creates intoler- 
able uncertainties, a method is available for reducing 
the loading to an imperceptible level. A capacitance, 


. on the 


C’=C, = j> may be connected from the output 


terminal of the voltage divider to the upper input 
terminal (see fig. 2). The capacitances, C’ and 
C,, then form a capacitive voltage divider having 
approximately the same ratio, A, as the divider 
being calibrated, and the loading effect is much 
reduced. 


8. Inductive Divider Calibration 


In general, with the method described, less diffi- 
culty is encountered in the calibration of inductive 
voltage dividers than resistive voltage dividers. The 
close coupling between the sections of inductive volt- 
age dividers results in relatively low effective series 
output impedance which minimizes the effects of 
external loading as well as internal variations of 
impedance. The voltage drop resulting from current 
in the effective series impedance, 7,, shown in figure 
7 produces an actual voltage ratio, A, differing in 
magnitude and phase angle from the voltage ratio, 
Ao, without load as indicated by the equation 

, ) 
Ay A(1 ee +t) ? ). (28) 
\ «\Cg “«\Cg 
It must be noted that the effective series impedance 
generally is not constant, but varies with the setting 
of the divider. Correction for loading errors usually 
can be made by measuring the actual voltage ratio 
and phase angle at the terminals with two known 














FIGURE 7. The 
. 
inductive 


actual voltage ratio, A, at the terminals of an 
divide differs from the ratio, Ao, as a 
loading by the capacitance, Cy, on the effective 


o} the divider, Zs. 


voltaqe 
result of 
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capacitive loads and extrapolating to determine the 
voltage ratio and phase angle at zero load. 

Comparison of eqs (5) and (28) shows that for 
inductive voltage dividers 


(29) 
and 
(30) 


At a frequency of 1,000 e/s, if C, 
100 wh, and R,—10 ohms, yu is approximately 0.8> 
10~°, and p is approximately 12 10~°. The method 
described in section 7 for eliminating these corrections 
is applicable here also, although the extrapolation to 
zero load as described above has been found 
convienient. 


200 pf, L, 


9. Calibration Techniques and Accuracy 


In general, the calibration of adjustable voltage 
dividers consists of determinations of voltage ratio 
and phase angle corresponding to certain nominal 
ratio settings when no load is connected to the output 
terminals. The expression for voltage ratio for the 
four-terminal network given by eq (17) can be modi- 
fied according to eq (5) to yield the voltage ratio 
under no-load conditions 


(31) 


From eqs (5) and (18) the voltage ratio for the three- 
terminal network is 


| designed to 


The phase angle for the four-terminal network, from 
eqs (5) and (22), is 


da— Y2 


YHO i = (05-01) TA; 
ay 


and, from eqs (5) and (23), the phase angle for the 
three-terminal network is 


4 a 
A, (qs 


Yro qi) +p. 


The loading corrections, » and p, are usually very 
small and often can be computed on the basis of 
measurements involving no great accuracy. The 
ratios A;, As, and A; need be measured only once in 
the calibration of a voltage divider if the input 
impedance of the divider remains constant when the 
divider ratio is changed. 

The accuracy of the measurement of voltage ratio 
and phase angle by this method is dependent upon 
a relatively few systematic errors and a number of 
random errors. <A satisfactory appraisal of the 
propagated errors must allow for more or less com- 
plete cancellation or certain errors that, if considered 
independently, are of rather large magnitude. 
Errors in the values of the capacitors are of this 
nature, since the ratio of the capacitances and con- 
ductances of two capacitors can be measured with 
much better accuracy by substitution methods than 
the accuracy with which any one capacitor can be 
measured. 

The precision of the measurements can be enhanced 
by reducing the effect of temperature changes in 
the bridge components. In the work described, the 
temperature of the bridge was regulated by forced 
warmair. The 100 pf capacitor, C, was temperature 
compensated, and the design of the enclosures of 
this capacitor, as well as those within the bridge, 
incorporated a large amount of thermal lagging. 
The drift of these capacitors with time was a source 
of error that was reduced by arranging the sequence 
of work so that the time between critical measure- 
ments was minimum. It may be possible to further 
reduce the effects of drift by a timed program of 
sandwiched measurements, although this procedure 
has not vet been necessary. The capacitance ratio, 
C/C,4, can be determined most accurately if C is 
nominally equal to C;, or (2, or (’., shown in 
figure 1. 

The total estimated maximum error in the estab- 
lishment of known ratios by the method described in 
this paper was derived by adding, without regard to 
sign, the estimated maximum error associated with 
each step in the measurement and estimated pos- 
sible residual systematic errors. This method of 
expressing the accuracy of the measurements was 
chosen because most of the elementary errors are 
not completely independent. A number of tests 
were made to determine the magnitude of errors in 
the ratios of the secondary taps on the transformer 
in the capacitance bridge. Although several methods 
detect ratio errors (departure from 





linearity) were used, no errors were found that ex- 
ceeded twice the propagated uncertainties attributed 
to resolution of the bridge during these measure- 
ments. These methods are discussed below. In 
general, no error in ratio was found that exceeded 
0.000 000 06, and the uncertainty of these errors was 
about +0.000 000 03. Accordingly, the estimated 
uncertainty from this source was considered to be 

+ 0.03 ppm of ratio when the largest capacitor in use 
—e. . or (Cs, in fig. 1) spans the entire 
lower half of the sec ‘ondary. This estimated uncer- 
tainty then increases to +0.3 ppm of ratio when the 
largest capacitor in use spans only 0.1 of the lower 
half of the secondary. The resolution of the equip- 
ment, as used for the determination of the ratio Ag, 
was equivalent to a ratio of +0.000 00001, Le., 
+ 0.01 microvolt output voltage per volt input. The 
estimated maximum uncertainty from this cause was 
conservatively estimated as equivalent to a ratio of 
+ 0.000 000 02. A similar uncertainty exists in the 
measurement of A; or Ay. In the measurement of 
lower ratios these two sources of uncertainty pre- 
dominate, limiting accuracy to within + 0.000 000 04 
at a ratio of 0.001. The determination of capaci- 
tance ratio can be accomplished with an estimated 
uncertainty of + 0.03 ppm of ratio for measurements 
of voltage ratios from 1 to 0.1; +0.2 ppm of ratio 
for ratios from 0.1 to 0.01 wherein two steps are 
required; and +2 ppm of ratio for ratios from 0.01 
to 0.001 wherein three steps are required. The 
determination of A,— A), as it enters into the compu- 
tution of ratio, can be accomplished with a relatively 
small uncertainty of +0.02 ppm of ratio. The sum 
of these uncertainties, without regard to sign, and 
expressed as an additive ratio, is shown in table 
as the estimated maximum uncertainty in ratio 
a frequency of 1,000 e/s. 


at 


TABLE 1. Estimated accuracy at 1,000 cycles per second 


Estimated maximum 
uncertainty 


Ratio Phase angle 


Microradians 
000 000 12 +0. 5 
+. 000 000 10 t 3 
+. 000 000 OS 
+. 000 000 06 
+. 000 000 06 
+. OOO 000 05 
+. OOO 000 04 


The estimated maximum uncertainties listed in 
table 1 do not indicate the actual error in any partic- 
ular measurement. It is to be expected that actual 
errors are much smaller than the estimated maximum 
uncertainties. A separate experiment was conducted 
to obtain a quantitative appreciation of the actual 
error in the measured voltage ratio assigned to 
particular voltage dividers. This utilized two decade 
voltage dividers, one of which was carefully calibrated 
as a three-terminal divider by the method described 
above. This calibrated divider then was used as a 
standard for the calibration of the highest decade of 


| 
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| the other divider by a comparison method in which 
the input terminals were connected in parallel and 
the output terminals connected to a phase-sensitive 
| detector. The two dividers formed an a-c bridge in 
which the true voltage ratios were equal under condi- 
tions of balance. The connections to the input 
terminals of the divider under test were reversed, and 
a second calibration of the highest 
obtained. In the first comparison, 
the standard and the test 
i.e., (0.9, 0.9), (0.8, 0.8), 

the latter comparison, 


decade was 
the readings of 
dividers were matched, 
(0.1, 0.1,), while in 

the readings were related in 
the manner (0.9, 0.1), (0.8, 0.2), (0.1, 0.9). 
Additive corrections to each step of the highest 
decade were thus obtained, based upon two different 
ratios of the standard divider. The difference 
between corresponding additive corrections to the 
nominal ratio in no case exceeded 0.000 000 04, and 
generally the corrections agreed within 0.000 000 02. 
Better agreement than this could hardly be expected, 
because the precision of the initial calibration of the 
standard was estimated as +0.000 000 02. Although 
corrections to the divider under test at the ratio 0.5 
can be obtained accurately by the reversed-compari- 
son method independently of the voltage ratios 
assigned to the standard voltage divider, it should be 
understood that this method does not reveal residual 
errors in the calibrated standard that are symmetrical 
about the ratio 0.5. An investigation to discover 
such symmetry in the capacitance bridge was con- 
ducted by a step-up method in which a fixed capaci- 
tance was repeatedly added to one side of the bridge 
and the differences in readings of the capacitance 
complex in the lower side of the bridge were noted. 
Although this investigation suffered from a small 
drift in the capacitors, and a timed sequence of 
readings was used to eliminate the effects of this 
drift, there was no evidence of errors of symmetry 
greater than 0.000 000 06. The uncertainty of these 
errors was +0.000 000 03, which was the limit of 
uncertainty in the investigation, primarily a result of 
uncontrolled drift. In this test for symmetry, the 
differences between 0.1 sections of the lower half of 
the secondary were adjusted for drift in the capacitor, 
and added cumulatively to obtain the total error at 
each tap. The results were averaged over several 
tests and then adjusted to eliminate the effect of 
nonsymmetrical errors. The measured, algebraically 
additive, errors of symmetry were found to have mag- 
nitudes of approximately 0.04, 0.06, 0.04, and 0.02 
10~° (all with an uncertainty of +0.0310~°) 
corresponding to the ratios 0.1 and 0.9, 0.2 
0.8, 0.3 and 0.7, and 0.4 and 0.6, respectively. 
The accuracy of position of the centertap on the 
secondary of the transformer was determined by 
connecting a 7-decade inductive voltage divider 
across the entire secondary and adjusting the induc- 
tive voltage divider to obtain a balanced condition. 
Then the connections from the divider to the trans- 
former secondary were interchanged, and the induc- 
tive voltage divider again adjusted to obtain balance. 
Half the difference in readings of the ag ‘tive vol- 
tage divider is indicative of the error 


, 


and 


1 position of 





the centertap. In the experiment, the interpolated 
readings were equal, with a precision of +0. 000 000- 
01. Hence the centertap is believed to be within 
+0. 000 000 01 of true center. 

Although great accuracy usually is not required 
in the measurement of the phase angle, the capaci- 
tance bridge method presented in this paper is 
capable of providing quantitave phase angle measure- 
ments on inductive voltage dividers. A similar 
analysis was made of the errors contributing to the 
uncertainty of the phase angle. A simple method 
was developed to eliminate the effect on phase angle 
of conductance in the capacitors. This is accom- 
plished by measuring the difference in conductances 
between the external capacitor, C, and the capacitor 
in use within the bridge. It is this difference of con- 
ductance that enters into the computation of phase 
angle. The difference can be measured with an 
accuracy within 0.3 percent of the difference. In 
the work described, the differences in conductances 
were measured quite simply at the times the capaci- 
tors were compared. At ratios near 1, the largest 
uncertainty in phase angle is contributed by the trans- 
former. It is believed that this error is no larger 
than +0.3 microradian when the largest capacitor 
in use spans the entire lower half of the secondary, 
and 3 microradians when the largest capacitor in 
use spans only 0.1 of the lower half of the secondary. 
The largest uncertainties in phase angle at low ratio 
measurements are contributed by a series of two 
conductance balances, each contributing about 
-0.0210-* uncertainty to the measurement of the 


quadrature component, part of which is systematic, 


and another conductance balance that introduces 
about +0.00310~° uncertainty, although there is 
some cancellation of the previously mentioned system- 
atic error. At a ratio of 0.001, the sum of these 
uncertainties in the quadrature component converted 
to phase angle is about +46 microrodians. The 
overall maximum estimated error at a frequency of 
1,000 c/s is given in table 1. 


10. Conclusion 


The method described has been employed for the 
very accurate calibration of a few decade inductive 
voltage dividers that, in turn, serve as standards for 
the more economical calibration of other dividers by 
a comparison method. 


The author thanks Raymond V. Lisle for his 
assistance during the experimental stages of this 
development. 


11. References 


[1] W. C. Sze, Trans. AIEE, pt. I, 76, 444 (1957). 
{2} C. B. Pinekney, Trans, AIEE, pt. 1, 78, 182 (1959). 
[3] N. E. Morrison, Electro Scientific Industries, AITEE 
Summer and Pacific Meeting, Paper 59-997 
1959). 
[4] M. C. McGregor, J. | 
" 


General 


Hersh, R. D. Cutkosky, F. K. 
Harris, and R. Kotter, Trans. IRE on Instrumen- 
tation, I-7, 253 (1958 

(5) R. D. Cutkosky and J. Q. Shields, Trans. IRE on Instru- 
mentation, I-9, 243 (1960). 


(Paper 66C1-—84) 





JOURNAL OF RESEARCH of the National Bureau of Standards—C. Engineering and Instrumentation 
Vol. 66C, No. 1, January-March 1962 


Weight Calibration Schemes for Two Knife-Edge Direct- 
Reading Balances 


H. E. Almer, L. B. Macurdy, H. S. Peiser, and E. A. Weck 


(August 11, 1961) 


Direct-reading, two knife-edge, single-pan balances of high quality are shown to be well 
suited for most laboratory weight calibrations. The requirements for the design of good 
calibration series on such balances include: 

Series are based on external mass standards rather the dial-operated weights. 
2. Balance sensitivity is measured. 
3. Substitution differences, not single balance indications, enter into mass determina- 
tions. 
Tests for inadvertent fluctuations in balance indications are included. 
Every indication entering into the calibration is subject to some check. 
Known standard we ights are calibrated side by side with unknown weights. 
Series must have sufficient redundancy to permit a study of errors. 
Buoyaney corrections, when not negligible, are —— od. 

Three rs ipid series are described in which drift of the balance indication is liable to in- 
troduce some uncertainty. Three other series are described which require more individual 
weighings, but nearly eliminate the effeets of such slow drifts. 

When unknown weights are compared with standards of the same denomination sim- 
plification is achieved usually associated with a loss of accuracy. Finally, methods for toler- 
ance testing on single-pan balances are given. 


1. Introduction balances discussed here can provide a precision of 
weighing that is entirely adequate for the great ma- 
1.1. Basis for Use of Single-Pan Damped Balances | jority of weight calibrations. The gain in simplicity 
and speed by their use should dispel any apprehen- 
In recent years a number of well-known balance | sion that weight calibration is too difficult and te- 
manufacturers have designed and marketed damped, | dious to be undertaken even in laboratories where 
direct-reading, high-precision laboratory balances. | accurate weighings are attempted. 

The work here described was carried out with bal- 
ances which have a single pan, a beam with only two 
knife-edges, and internal weights that are applied to 
the pan suspension so as to bring the total applied 
load to a constant value. This technique of using 
the same load for all weighings effectively minimizes 
an important cause of changes in sensitivity. Al- 
though the quick-weighing features of such balances 
currently available may place a limitation on weigh- 
ing precision somewhat lower than can be obtained 
by more elaborate weighing methods on the best 
equal-arm types of balances, the precision attainable 
under suitable weighing conditions is good enough so 
that weighings meaningful to a few parts in 10’ of the 
balance capacity can be regularly attained. With a 
set of suitable balances each used for the calibration 
of about a decade of weights the largest of which is 
not much smaller than the balance capacity, it is 
possible to obtain about 1 part in 10° or better over a 
wide range of loads to be weighed. Weights adjusted 
on the customary bulk-buoyancy basis [1, p. 673]} 
rather than the true-mass basis are still subject to 
small variations of bouyancy due to changes in am- 
bient-air density. The errors introduced by neglect- ; he as i 
ing such effects are about 1 part in 10°, Consequent- 1.3. General Requirements for the Weighing Series 

ly higher precisions are attainable only through more ; . 
detailed sso corrections. Thus the single-pan | Having established that a balance is suitable for 
: ' : a weight calibration the following precautions must 

Figures in brackets indicate the literature references at the end of this paper, still be taken. 
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1.2. Requirements for an Individual Balance for 
Use in Weight Calibration 


The suitability of a balance in weight calibration 
is easily judged. The sum of the errors due to the 
imprecision of the balance and the inaccuracy of the 
standard reference weight must not exceed the 
acceptable error. The relevant term for describing 
the imprecision of the balance is its standard devia- 
tion for a single observation divided by an appropri- 
ate factor to give a limit for the effect of random 
errors of the measurements. Lashof and Macurdy 
[2] have described a searching test suitable for single- 
pan damped balances from which a value of the 
standard deviation of a single observation is obtained. 
The other and quite independent uncertainty arises 
from the inaccuracy of the reference weight. The 
portion applicable to an unknown weight is the stand- 
ard deviation of the reference-weight value multi- 
plied by the ratio of the mass of the unknown to that 
of the standard weight. 





1. The mass values must be determined by com- 
parison with externally applied standard weights 
(not necessarily of the same nominal value) and 
must not depend on the accuracy of counterpoise or 
other built-in balance weights. 

2. The sensitivity of the balance must be deter- 
mined (if only as check of direct-reading character- 
istics of the balance) by addition of sensitivity 
weights of known value on the pan and must not be 
assumed to be constant from day to day or equal 
to the designed value. 

3. The calibration series must be entirely based on 
substitution differences so that it is not necessary to 
adjust the balance indication to read any particular 
value. A weight of zero correction need not produce 
a zero indication. 

4. Tests for the presence of fluctuations in the bal- 
ance indication by extraneous disturbances must be 
included in the weighing schemes. 

5. There must be some check on each individual 
balance indication. 

6. Each series must include one or more standards, 
having a known mass value, which are experimentally 
evaluated with the unknown weights. 

7. The series must have sufficient redundancy so 
that the desired precision is achieved by least squares 
or similar averaging of independent observations. 

S. Buoyancy and standard-weight corrections, 
when not negligible, are applied as for all precise 
weight calibrations. 


2. Pienkowsky Type Weighing Series 


Figures 1, 2, and 3, give the actual figures for 
calibrations by substitution series essentially evolved 
by A. T. Pienkowsky (unpublished). The aim of 
these series is to provide simple but sound calibra- 
tions with few observations. 

In all three the method of differential 
weighing is used, in which the indication given by 
the balance is not used as a measure of the mass of 
the load on the pan, but in which the difference 
between indications is taken as the difference in the 
masses of the loads. In the cases illustrated the 
sensitivity weighings verify that the scale readings 
are in milligrams. 

In figure 1 the weighings are made in the order 
shown in the load column. The loads and errors of 
weights are indicated by a nomenclature which is 
best. illustrated by a few examples: 

(50) is the designation of the weight to be cali- 
brated having a nominal value of 50 units. 


series 


NH 10, is one of the standard weights whose nominal 
value is 10 units and which is part of the 
series NH; there is more than one 10-unit 
weight in that series and the subscript is a 
distinguishing mark. All mass standards are 
identified by the set designation preceding the 
denomination. A broken line before the de- 


e forms shown in these and 


sat the National Bure 


later figures are in regular use for weight cali- 
1u of Standards. 


nomination calls for the designation of the 

standard. 

is a specific group of weights the sum of whose 

nominal values is 50 units. On this form 

> (50)—(20) + (20) + (10) 

Cr(50) is the “correction” of the (50) weight. The 
“correction” of a weight or group of weights 
is by magnitude and sign equal to the differ- 
ence: actual minus nominal mass values. 


>(50) 


The difference between the appropriate scale 
readings, together with the correction for the sum 
(50)4+-2(50) carried forward from comparisons in 
the next higher decade are used to compute the 
corrections for (50) and 2(50) by the sum and 
difference method. One-half the sum of equations 
marked (1) and (2) in the margins of figure 1 is the 
correction for (50) and one-half the difference is the 
correction for 2(50) denoted AK. The difference 
between the second and third scale readings is added 
to the Cr 2(50) to compute the value of the standard, 
NH 50, as determined by this calibration. The 
agreement of this value of the standard with the 
accepted value previously determined by a more 
precise method is a measure of the accuracy of the 
calibration. The third and fourth scale readings are 
used to verify the sensitivity adjustment of the 
balance. Their difference D, should equal the mass 
M, of the small added weight within the reproduci- 
bility of the balance. 

The last eight scale readings together with the 
Cr 5(50) are used to compute the corrections for 
(20),, (20)., (10), (10), and standard 10. The 
scale readings are taken in the order shown and the 
indicated computations performed, the end result 
being the corrections of the weights (the numbers 
by the arrowheads in the margin). The three 
differences, denoted 7;, in the right-hand column 
at the middle of the figure, are three measurements 
of the difference between (20), and (20). and their 
agreement (within 0.03 mg under these particular 
weighing conditions) is a measure of the precision 
of the calibration as is the difference between a 
and A (hk is a repetition of a). The latter figure is 
a convenient measure of the net balance drift. The 
agreement of the value of the standard 10 as deter- 
mined by this calibration with its accepted value, 
is a measure of the accuracy of the calibration. 
The computations indicated in the shaded areas are 
computational checks and the figures within each 
box must agree except for errors due to rounding-off. 
The double framed boxes on the form are observa- 
tional checks as indicated above. 

The sensitivity of the balance was not determined 
with that series because it had been determined with 
the calibration of the (50 g) and 2(50 g), just prior 
to this series. 

A very approximate estimate of the standard 
deviation sp of the final values is obtained from the 
following formula 


l te 
sp=-;|Range in Z+-(a—h) +-sx] 
» 
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where sx is the estimated standard deviation of K. 

The series illustrated in figure 2 is the same as 
that in figure 1, except that there is no 2(1) and that 
in the example given the weights involved are only 
one-tenth as large. The weighings are taken in the 
same order. The checks and the computations are 
the same except that those needed to find the cor- 
rection for the summation are not made. C 1, a 
“constant weight,’ appears where 2(10) appeared 
in figure 1. The value of this “constant weight”’ is 
not computed. Its presence in the series intro- 
duces the desired redundancy. Apart from the 
requirement of adjustment to neminal value within 
the on-secale range of the balance, the ‘constant 
weight”? need only remain constant while the obser- 
vations in one series are taken. 

The nomenclature indicating the loads and errors 
of the weights in figure 3 is the same as in figures 
1 and 2. The weighings are made in the order 
shown. The first scale reading and those designated 
a through m together with the correction for the 
>(100) (from another sheet, not shown, on which 
the comparisons in the next higher decade, corrected 
for air buoyancy, are given) are used to determine 
the corrections for the weights (50), (30), (20), 
(10). =(10), NH 50, and NH 20. (50) on this 
form signifies (30)+- (20). To obtain the corrections 
for the weights the indicated computations are 
performed. Again the checks on computation are 
in the shaded areas and the figures within each box 
must agree except for rounding-off errors. The 
double-framed boxes on the form are observational 
checks. The agreement of the sums 6+4g, c+h, 
in the lower half of the fourth column from 
the left, corresponds to the agreement between 
Z’s in figures 1 and 2, and is an indication of the 
precision ef the calibration, as is the agreement 
between a and m (m is a repetition of a). This 
latter figure is used principally as a measure of the 
balance drift. The agreement of the values of the 
standards, NH 50 and NH 20, determined by this 
calibration with their accepted values provides 
valuable overall checks. 

The last weighings, m’ and m, are used to deter- 
mine the sensitivity of the balance. Their difference 
should equal the mass of the small added weight 
within the reproducibility of the balance. 

Discussion of Pienkowsky-type series would not 
be complete without reference to the possible ad- 
verse effects on precision resulting from drift in 
balance indication. 
pleting balance readings at any one load in a series 
(fig. 1 to 3) such balance drift is liable to introduce 
an uncertainty in the ultimate mass values. ‘Trend 
elimination” therefore becomes an important feature 
in the design of such series. 

The reader can readily convince himself by in- 
spection of figure 3, for example, that the series is 
so designed that for a steady balance drift propor- 
tional to time, under a uniform rate of recording 
observations, the effects of balance drift on the mass 
comparison are entirely eliminated. The stated 
conditions of operation, however, are in practice 
difficult to achieve within the required limits; nor 
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| of drift. 


is the (a—m) test any measure of the nonuniformity 
A low value for the (a—m) difference in 
balance indication may hide a maximum in the 
extent of drift during the observational period. 


It is true that some knowledge of the individual 


| characteristics of a balance might help; some designs 


| 
| 
| 
| 
| 


| slightly from those used for the illustrations. 


Over the entire time of com- | 


for instance appear to produce drift periods of the 
order of an hour. On such instruments an experi- 
enced observer will try to complete observations 
within a quarter of that period. The reader should 
here notice that a higher value of (a—m) may then 
actually be indicative of a better set of observations 
than would be characteristic of a lower (a—m) value! 
Another feature of balances (except some high- 
capacity types) is that they are influenced by the 
thermal disturbance caused by an operator sitting 
within several feet of the balance. The light 
illuminating the scale may cause a similar disturb- 
ance. Drifts for the first half-hour of observations 
tend therefore to be far greater than later. Because 
of these effects an observer should not interrupt his 
observations within a series. 

It is of course true that better tests for drifts could 
be introduced, leading to superior methods of trend 
elimination. Such achieved by additional 
observations would, however, detract from the basic 
aim of the Pienkowsky type of series, to provide 
extremely simple but sound mass calibration with 
very few observations. The use of these 
should be discouraged for all but experienced observ- 
ers working with well tested balances in favorable 
environments. 

The examples given in figures 1 to 3 will provide 
appropriate weighing series for the majority of 
weight sets. The proper use of these series will 
usually suggest itself even when the weight set differs 
For 
instance, if in a terminating series involving the 
smallest weights of a set having the 5321 sequence 
an extra 1 weight is provided, it will take the place 
of the weight group 21 used in figure 3. If, how- 
ever, the set does not contain an extra weight 1 an 
additional mass standard 1 can be introduced 
giving another valuable check. An optional but 
less desirable alternative is to substitute a “‘constant 
weight,’”’ as defined above, the correction for which 
is not computed. 

A less straightforward example of the use of the 
series given in the illustrations concerns the 5211 21 
weight sequences sometimes encountered, for which 
the 5221 1 series (fig. 1) can be applied. A stand- 
ard 2 weight replaces the second (2) weight to be 
calibrated and the additional (1) weight in the 5211 
1 set replaces the standard 1 weight in the illus- 
tration. It should be noted that the 2(10) obtained 
from the next higher decade must have been made 
up follows: (5)+(2)- 2+(1). If 23(10) 
(5)+(2)+(1),+(1)2+2(1) preferred, the alge- 
braic solutions for all the weights must be corre- 
spondingly amended. As is discussed below, least 
squares solutions must be used. The (5)+(2)-+ 

2+-(1) summation will probably commend itself, 


tests 


series 


as 


is 


| firstly because the form given in the illustration can 


be employed without much change and, secondly, 





because the (5)+(2)+(1),+(1).+23(1) summation 
includes an inconveniently large number of weights. 
There are circumstances, however, under whic h the 
additional handling of the ___ 2 weight in the sum- 
mation will not be considered justifiable. 

For very unusual weight sequences in weight sets 
the authors would be glad to furnish Pienkowsky- 
type weighing series on request. However, the 
reader might wish to devise such series for himself. 
For this purpose an outline of the principal con- 
siderations in devising these series follows: 

To the list of denominations of unknown weights 
in one decade are added one or more denominations 
for standard weights to be intercompared with the 
the unknown weights. A ‘constant weight,’ as 
defined above, may also be introduced. A larger 
denomination for the standard provides a better 
check on the accuracy than a standard weight of 
smaller denomination, but more important 1s the 
provision of the necessary combinations for weighings 
with a minimum number of nominal values for the 
total loads. Often there is difficulty in finding a 
convenient solution, if the (5) and 3(5) are deter- 
mined by intercomparison with the smaller denom- 
inations. Intercomparison of the (5) and (5) with 
a check on a standard 5 separate from the inter- 
comparison of the smaller denominations may then 
be the best choice. 

In the Pienkowsky-type series each independent 
balance indication after the first at each particular 
total load provides one independent observation. 
(The sensitivity check reading is not counted as an 
independent observation.) A condition or mathe- 
matical restraint is established by some sum of 
unkown denominations, usually (5) or 2(10), the 
correction for which is determined by comparison 
with a standard or by a series at the next higher 
decade. The number of statistical degrees of freedom 
of the series then equals the number of independent 
observations plus one (for the restraint imposed by 
the assumed weight or summation weight), dimin- 
ished by the number of weights evaluated in the 
(including the “‘constant’’ weight where used). 
The computation of all the weight corrections must 
follow by least-square solutions. It is preferable to 
design the series so that the coefficients in these 
solutions do not involve recurring decimals. 

The details of the series must be planned to 
eliminate all types of errors as far as possible. The 
verification of the direct-reading characteristic of the 
balance by a sensitivity we sighing has already been 
discussed. Similarly, the need for measurement of 
the precision of the observations will be understood 
from previous elucidation. All the algebraic solu- 
tions for any one weight, any one sum, or any one 
difference of weights in the series can be used for 
determining a statistical range for the evaluation of 
precision. The choice.should be determined by the 
desirability of having a large number of independent 
values to compare. This number for some sums will 
be larger than the number of degrees of freedom as 
defined above. The second consideration to guide 
the choice is the need for as many observations as 


series 


| consistent pairs of weighings. 


| 661 ff]. 


| series: 


| operated weights must not be changed. 
| series is made up of from six to nine equations. E 


| served differences are denoted a), d2, a3, ete. 


possible to be involved in the range determination. 
In this way a safeguard is provided against 
misreadings of the balance indication. 

The effect of balance drift has also been discussed 
above. It is here necessary to stress only the need 
for designing weighing series so that, firstly, a 
measure of the drift is obtained by at least one 
repetition of at least one load at as large an interval 
as possible; and that, secondly, the observations are 
grouped for optimum statistical trend elimination. 
However, it is not always practicable for the various 
checks on precision to fulfil this trend-elimination 
requirement. It will then be probable that the 
calibrated values are not worse than is indicated by 
the checks. 

The series should be planned to detect a false 
placement of a weight in a combination. In_the 
series, therefore, every weight should be placed on 
and removed from the balance at least twice. In 
the opinion of the authors, the designer of the series 
should leave to the observer the judgment when an 
individual discrepancy should no longer be accepted 
as within the precision range of observation. 

Finally, every computational step should be subject 
to at least one check on the form, as a safeguard 
against computational blunders. Except for round- 
ing-off « errors, every discrepancy revealed by these 
checks points to error in the computation or the check 


itself, 


3. Hayford-Benoit Type Weighing Series 


The chief weakness of the Pienkowsky-type series 
lies in the difficulty of recognizing and properly elimi- 
nating the effects of slow drifts in balance indications; 
wherefore the Pienkowsky-type series cannot quite 
realize the full potentialities of a balance. 

Figures 4, 5, and 6, illustrate series which reduce 
the effect of balance drift by being based on self- 
The figures refer to 
actual weight sets calibrated by means of a 1-kg bal- 
ance. The series used are equivalent to those 
evolved at the National Bureau of Standards ‘= 
transposition we ighings on equal-arm balances [1, 
The type of weighing series is here ni nde 
Hayford-Benoit after the two investigators to whom 
we are indebted for careful analyses of these methods 
[3,4]. lt should be noted that there is a fundamen- 
tal distinction between the two types of weighing 
In the Pienkowsky type one additional re: ad- 
ing of a balance indication may increase the number 
of “degre es of freedom by one whereas in the Hayford- 
Benoit type at least two readings are needed. 

The nomenclature for the loads and the corrections 
for the weights is the same as for figures 1, 2 2, and 3 
The differential method of weighing is again used. 
Therefore, for a given substitution w eighing, the dial- 
Each of the 
ach 
weighing equation states the observed difference be- 
tween two weights or groups of weights. These ob- 
First 
one weight or one group of weights is placed on the 
balance pan. The dials are then set for the nominal 
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value of the load, and the scale reading observed and 
recorded. Similarly the other weight or group of 
weights are compared. In each pair of weighings the 
sign of the difference between the two weights is the 
sign that the heavier of the weights has in the observa- 
tion equation. The scale readings and the differences 
between the weights are expressed in milligrams. 

Figures 4, 5, and 6 show the observations and com- 
putations for the 2, 1, 1, 21; the 2, 2, 1, 31; and the 
2, 2,1, 1, | series respectively. The computa- 
tions and checks are the same as if the a’s had been 
obtained by transposition weighing. The estimate 
of the standard deviation of a single observation, s, 
provided by the particular series of weighings, is a 
measure of the precision of the individual weighings. 
The agreement of the value of the standard weight, 
where one is used, obtained by this calibration with 
its accepted value is a further valuable indication of 
the accuracy of the calibration. When a standard 
weight is not included in the series an additional com- 
parison is made. In this comparison a standard 
weight is evaluated in terms of a weight whose value 
was determined in the series. The agreement of the 
value of the standard weight obtained by this com- 
parison with its accepted value will serve as an indi- 
cation of the accuracy of the calibration. 

The Hayford-Benoit type series, of course, can be 
applied to other groups of weights; the method for 





developing such weighing series is simpler than for | 


Pienkowsky-type series where an all-important choice 
of possible comparisons has to be made. For Hay- 
ford-Benoit series, however, it is best to make all 
possible comparisons at all loads. Moreover, the 
derivation of these series is well described in the 
literature [4]. The adaptation to single-pan balances 
presents no difficulty. 


4. Other Weighing Procedures 


When a test weight is compared only once with a 
standard weight of the same denomination, an 
acceptable but less accurate procedure is illustrated 
as follows. 


Load Scale reading 


NH 10 g; 

10 g) 

10 g 810 meg 
NH 10 g,+8 10 mg 


+ 0.517 
+-0.559 
+- 10.565 
t+- 10.527 


In this example the balance was adjusted to read 
about 0.5 mg more than the actual loads so that 
negative numbers would not be introduced into the 
record, For the average difference for (10 ¢)—NH 
10 g,, the computation is as follows: 


(10 g)—NH 10¢,=%4 [(2—,) +, 


(in scale divisions). 


The differences in scale divisions are 
verified to equal corresponding differences in mil- 
ligrams within the precision of the balance. 


T,)|= +0.040 


observed 





| contributed significantly. 


| 
| 
| 
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I,—I,=10.006 (in seale divisions) =10 mg 


but 6 10 mg=10.008 mg (accepted value) 


10.008 
0.040 


hence (10 g) 10.006 
zB ) 


NH 10 g; =+0.040 mg 


(therefore scale divisions represent milligrams within 
the accuracy of measurement). 

But Cr NH 10 g;=—0.011 mg (accepted value). 
Thus Cr (10 g)=+0.029 mg. 

At the National Bureau of Standards weights whose 
value is based on this type of weighing are not said 
to have been “‘calibrated.’”’ That term is reserved 
for measurements based at least two mass 
standards. 


on 


In many instances weights for use on less precise 
balances may be tested on a direct-reading, quick- 
weighing balance. Weights are accepted if their 
values fall within some acceptable deviation from 
nominal value. Such tests may be performed rapidly 
and without written observations or computations 
by methods that are practically free from systematic 
effects. 

For such ‘tolerance tests” a standard weight of 
the denomination of the test weights is placed on the 
balance pan; the balance indication is then adjusted 
to read the actual value of the standard; next a 
sensitivity weight is added to change the scale 
reading by a known amount. If the change in scale 
reading should not agree with the actual value of the 
sensitivity weight the balance may require adjust- 
ment. This should happen only very rarely. 


§ 
< 


The sensitivity having been proved correct the 
standard is removed and test weights substituted on 
the balance pan. The indicated values may then be 
taken as actual values of test weights for use on bal- 
ances of lower precision. At the end of the series 
the standard weight must be replaced on the pan and 
the reading indicated by the balance must agree 
within the planned precision of the weighings. If many 
test weights are involved, the standard must be re- 
placed on the pan after each small group of weights 
(consisting of say three weights each) has been tested. 
If the results show that the balance is remaining con- 
stant, the size of the group may be increased 
moderately. 


Even with the inclusion of four authors, these 
developments in weighing technique have not been 
adequately characterized as the team effort upon 
which they are based. Every member of the Na- 
tional Bureau of Standards Mass Laboratory has 
In addition, we have had 
the benefit of unusually wide discussion and criticism 
from interested scientists in other laboratories. 
Above all, we should single out the help we have re- 
ceived on statistical considerations from C. Eisen- 
hart and J. M. Cameron of the Statistical Engineer- 
ing Section of the National Bureau of Standards. 
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Tunnel Diode Large-Signal Equivalent Circuit Study and 
the Solutions of Its Nonlinear Differential Equations 
Sidney B. Geller and Paul A. Mantek 


(October 31, 1961) 


A large-signal equivalent circuit forthe Esaki or tunnel diode is presented that charac- 


terizes the dynamic and static response of this semiconductor device. 


Nonlinear differential 


equations are written on the model and a graphical-numerical solution technique is described. 
Analog computer solutions for the nonlinear equations are also discussed for various modes 


of operation. 


1. Introduction 


Most of the equivalent circuit models presented 
for the tunnel diode have been small-signal types. 


The small-signal operation of this semiconductor | 
device can be correctly characterized by its incre- | 


mental resistance at a fixed bias point and some 
associated reactive elements. However, the large- 
signal departures from this bias point which typify 
bistable switching and relaxation oscillations make 
the model inadqeuate. 


In digital systems the active | 


circuit elements are typically required to operate | 


over extended ranges of their voltage-current charac- 
teristics. This paper presents a large-signal equiva- 
lent circuit for the tunnel-diode (fig. 1). This 
circuit characterizes both the static and dynamic 
responses of the device for all modes of operation. 


The network enclosed in the dashed box simulates | 


the static V-I characteristic of the tunnel diode. 


Nonlinear differential equations are produced from | 
the model and a graphical-numerical solution tech- | 


nique is described that is applicable to driven or 
self-excited systems. The equations are readily 
solved by analog computer techniques, particularly 
when curve following is employed on a monotonic 
curve that is presented in this paper. 

An example of the graphical-numerical solution of 
the nonlinear equations for the relaxation oscillation 
case is presented in detail. Some comparisons are 
made between the graphical and analog computer 
solutions of bistable switching and sinusoidal oscilla- 
tion modes of operation. 


2. Tunnel Diode Large-Signal Equivalent 
Circuit and Solution Techniques 


The validity of the small-signal tunnel diode model 
[1]' has been extended over a large-signal range by 
incorporating the static terminal characteristics of 
the device into the model shown in figure L. “Tne 
lead inductance, L,, the series body resistance, ,, 
and the barrier capacitance, C, are assumed to main- 
tain constant values over the operating range of 
interest [2]. Measurement techniques for 


these 
elements are described in the literature [3]. 


1 Figures in brackets indicate the literature references at the end of this paper. 
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=i (v)- iy (v) 


=k) [1-exp(-kav?)] 


Figure 1. Large-signal tunnel diode equivalent circutt. 


This study was made using the GE ZJ—56 (1 ma 
peak current) tunnel diodes. Typical values for 
L,, R,, and C in this device are: 


L, 
R, 


0 


6.0 nh 


oY 


3 
25.0 pf 


Figure 2 shows a static V-I plot of the terminal 
characteristics of the ZJ—56 tunnel diode. Curve A 
in figure 3 is a broken-line approximation to this 
static plot which is simulated by the i(v) current 
generator and resistance, 7;, of figure 1 (dashed box). 
The output from the i(v) current generator (see ap- 
pendix) is defined by either 

i(v)=%,(v) —7,(v) 


(fig. 3 curve B) (1) 


or by an analytic approximation to curve B 


i(v)=k,|1—exp (—k.w*)] (fig. 3 curve C). (2) 
i, (v) is defined by the linear equation relating » and 7 
in region 1 of curve A. 7,(v) 1s defined by the linear 
equations relating v and ¢ in each of the 7 linear regions 
(j=1,2,3,4) of curve A. The resistance 7; is set equal 
in value to the inverse slope of region 1 of curve A 
in figure 3. 

The following pair of equations can be written on 
the tunnel diode circuit in figure 4 with which all 
principal modes of operation such as switching and 
oscillating can be realized: 





a oe + 


0.40 0.50 


Static V-I characteristic for the GE 
diode. 


ZJ-56 tunnel 


+ 
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\(v)* ig(v)- ily) 
f 1 J 


i(v) =k, [!- exp(-kgv2)] 


(A 


03 


v (volts) 


GE ZJ-56 
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eA i pproximation to the 
diode static 


tunnel 


Lrvue B: B oken-line approximation to the 


i(v) generator. 


current from the 


Analytic approximation to the 


1(\ (dé nerator. 


current from th 


dv v 
. oe | 


exp | 
dt 'r 


kv?) 
dix 


L 7 


X 


| Po 
T fet] 


Evt) is the applied voltage, R=R,-+ 
Combining eqs (3) 


R,and L=L,+ L,. 
and (4) produces a nonlinear 
differential equation whose solution yields the junc- 
tion voltage, 7, 1.e., 


wee & "ldo 
( “Ma I. )—2ky koe exp ( kw) | 5 





Fu URE 4. Tunnel diode circuit containing external R, and L; 


elements. 


0 Vn-I 


Figure 5. Typical construction increment in the F(v) 


V plane, 


versus 


l nae - , . 
where TO This equation does not lend itself 
to a closed form solution. It falls into the class of 
nonlinear equations of the type [4] 


dv . di 
Tet dt 


+9(v) 


h(t). (6) 


After some investigation a graphical solution for this 
form was found and techniques for its application 
were worked out [5]. The solution process begins 
with an integration of eq (5) with respect to the time 
which yields 


dv ’ be « 
T+ F (0) + | q vjydt H(t)+K 


where, 


F'(v) 


gs 1, Re 
oI, ( eT L 
gv) =a ( + ) v—Rk,{1—exp ( kw) | 


*t 


H(t)=e | E(t)dt 


)—2hykee exp | kw) | dv 


K=integration constant. 





Equation (7) is then converted into incremental 
form 


An 4 Fv.) +S,(t) =H (nat) -K 
At . 

where, 

g\v(t)| dt. 


S,(t) (12) 


J 0 


A fixed value of At is chosen heuristically and an angle 


a=arctan (13) 


is determined. It may be necessary to multiply 
equation (11) through by some constant in order to 
produce useful a’s. a is corrected to accommodate 
the departure of the abscissa-to-ordinate scaling of 
F(v) versus v from a one-to-one numerical relation- 
ship per unit length. 


Av tan a+F(v,)=H (nat) +kK—S,(t). (14) 

The angle a is constructed physically on a template. 
Vertical lines of length H/(nAt) 
structed in the F(v) versus v plane as the solution 
proceeds. The successive Av,’s are determined by the 
construction technique shown in the typical segment 
in figure 5. 
process by applying the trapezoidal rule to the values 
of g(v,) and g(v,41). This will be further detailed in 
the following section. 


3. Example of a Graphical-Numerical 


Solution of Equation (5), Relaxation 


Oscillation Case 


The circuit parameters were chosen to produce | 


relaxation oscillations, 1.@., 


R = 7 and R 


where 
V-1 characteristic (|—r| +1509). 
tunnel diode was employed in the circuit shown in 
figure 4. The values of the parameters were 


L=100uh 

'=10 pf 
E= 0.25v (step) 
r 58.80 
k 0.008 
ke=11.0 


w2—=10" rad/sec. 


R=200 
( 


These numerical values were put into eq (5) which 
was then integrated in respect to time. 


multiplied through by 30X107°. 


This yielded (in 
the form of equation (11)) 


(11) 


Equation (11) is then rewritten | 
into its final form preparatory to graphical solution as | 


-S,,(t)+K are con- | 


S,(t) is determined at each step of the | 


| t=0, was set equal to zero. 


In order to | 
produce angle a’s of reasonable size the equation was 


30107" i m3 = 
Avy, ( At ~ )430[1.7-—.8[1 —exp(—11.02*) }} 


*t 
1 30> 10° [1.340—.16 [1—exp(—11.0v*)]] dt 


7.5(10°) (nAt) ++K. (15) 


Since 


30X10~° 
Av, tan a=A?, (= tak ) 
therefore 
‘30 10 -) 


arctal (— 
a irctan : At 


(17) 
For example, if At=30%10~° see is chosen as the 
construction increment then a=45°. The At chosen 
depends on the predicted response of the device. If 
At is too large, the construction will be extremely 
coarse. If At is too small, the solution will proceed 
very slowly. The value of At may be easily altered 
during the solution process in order to achieve 
optimum speed and resolution. The analytical error 


| between the exact solution of eq (7) and its graphical 


solution is of the order of —1/2A’r, in each interval. 
At this point the F(v) versus v and g(v) versus 

vy plots were drawn where 
F(v) 


30 [1.77-—.8[1—exp(—11.0v’)]] (18) 


| and 


g(v) =30X 10° [1.3400—0.16 [1—exp(—11.0e°) || (19) 


Figures 6 and 7A show these plots. 

Values of H(nAt)=7.5(10°) (nAt) n=1, 2, 3, 
were tabulated. 

Since the F(v) versus v curve was found to be 
reasonably plotted on a 10:1 physical scale, the angle 


a was adjusted to compensate for this departure from 
| a 1:1 relationship. 
ris the value of the inverse differential slope | 
at each point in the negative resistance region of the | 


A type GE ZJ-—56 | 


This resulted in 


5°44’ for At=30> 
71°34’ for At=1> 
85°15’ for At 


10-° see 
107° see 
0.3 107° see. 


Three templates were constructed containing these 
angles. 

The integration constant A, which is equal to # at 
The actual value of K 
was sufficiently small to make this completely 


| reasonable. 


The S,(¢) term is evaluated at each step of the 
graphical solution by the trapezoidal rule. Values of v 
as a function of time such as v(nAt) and o[(n+1)At] 
are determined by the successive constructions in the 
F(v) versus v plane. Then the values g[v(nAt)] and 
g{v[(n+1)At]] are directly obtained from the g(v) 
versus » plot. As the construction proceeds each 
quantity 
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giv) xlO 


versus V plot employed in graphical solution of 


relaxation oscillator case. 


nAt 


Lag(p 


») 


At 


(20) 


(n- ee 


g(v 
( 


is added on to the preceding total value of S,,(¢) and 
this new total is subtracted from the next applied 
H(nAt This gives the length of the vertical con- 
struction line, H1(nAt)—S,,(t) (as shown in fig. 5). 

As each construction is made, the time required 
for each Av, to occur is known from the relationship 
of At to the angle a employed in the construction. 
When the H(nAt S,(t) line falls below the F(v) 
curve the construction reverses direction and pro- 
ceeds towards the origin. 

The angle a was changed during the construction 
process in order to produce maximum resolution and 
solution speed. For example, in the jump region the 
angle a@=85°15’ for At=0.3X107 was 
employed. 

Figure 7A displays the H(nAt)—S,(t) locus in 
the F(v versus plane for the relaxation 
oscillation case. Figure 7B shows the junction volt- 
e, v, Versus time that was derived from the graphi- 
| construction. A single pulse from the actual 
ZJ—-56 relaxation oscillator pulse train is shown super- 
imposed upon a pulse produced by the graphical 
method which was based upon the analytic approxi- 
mation of eq (2 The graphical process will produce 
a train of similar pulses if it is continued. 


sec) 


) 


ag 


Ca 
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Fi ‘. versus 


(A) F(v v plot employed in the graphical 
solution of the relaxation oscillator case (solid line). 


The dashed line is the locus of // 


constructior 


\t)—S,(t) obtained during the graphical 


(B 
solution 
li ne 


Junction vollage, time 


(solid line 


Ss 


Vv. versus obtained from graphical 
superimposed upon actual pulse (dashed 


4. Comparison of Analog and Graphical 
Results 


Equations (3) and (4) were mechanized on the 
National Bureau of Standards Mid-Century 500 
Analog Computer employing curve-following tech- 
niques for both the broken-line and analytic i(v)’s 
as defined by eqs (1) and (2). The method of con- 
structing the broken-line 7(v) function is described 
in the appendix. Since these curves were relatively 
smooth and monotonic, (as compared to curve A, 
fig. the curve-following operated well. The R, 
L, and C elements were adjusted to produce bistable 
switching and (nearly) sinusoidal oscillations. 
Graphical solution technigues were then applied for 
these same operating conditions. Figure 8 displays 
the response of the system to a ramp driving function 


» 
oO) 





Figure 8. (A) Graphical construction in the F(v) versus v plane. 


(B) Analog computer and graphical solution for junction v 
versus time (ramp-driven switching mode). 
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tin sec) (B) Analog computer and graphical solution for junction v 
(B) versus time (oscillatory mode). 
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1) Simulated bistable switching circuit with 
additional pulse triggering source. 








tnalog computer mechanization for circuit in figure 10A, 








with the circuit operating in the switching mode, 
i.e., PP r', R=4702, L=5.0 nh and C=2.0 pf. 
Figure 9 shows the sinusoidal response to a voltage 
step with 2? r|, R=106Q, L=7.5 nh and C=2.0 pf. 

The bistable switching case was simulated on the 


analog computer for another circuit configuration 
(fig. 10A). Here the tunnel diode was steadily 
biased with a voltage, /, that produced a stable 
singular point near the peak in region 1 (curve A, | SIGN INVERTER 





INTEGRATOR WITH 
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> 


fig. 3). The circuit was then triggered over to the 
second stable singular point in region 4 by an injected 
current pulse, 7,. It was possible to observe the 
effects of pulses of different duration and amplitudes 
on the triggering process. This technique can be 
used to study the optimum trigger requirements for 
the tunnel diode and other negative resistance 
devices. Figure 10B shows the analog computer 
mechanization. The 2(v) function eq (1) was plotted 
with a conducting material and curve-followed 
during the simulation process. 


5. Appendix 


Crisson [6] has presented a method for producing 
a volts age-c ‘ontrolled negative resistance at the input 
terminals of an “ideal amplifier” with feedback. It 
can be shown that the network enclosed by the 
dashed line in figure 1 displays the same character- 
istics as the ‘ideal amplifier.”’ 

The “ideal amplifier” shown in figure 11A can be 
represented by the circuit shown in figure 11B. The 
resistance, 7;, seen looking into the 1-2 terminals of 
the circuit is 


RR ; . 
2,: 21) 
5.2, oe a 


where M; is a variable mutual impedance term. 
When M, >Ri+ FP, then r;<0 which produces a nega 
tive resistance at terminals 1-2. M/,; can shenekens 
be the basis for the simulation of the tunnel diode 
static V—I characteristic with its alternating positive 
and negative regions. Resistance r; (see fig. 1) is 
set equal to the inverse slope of region 1 in curve A 
figure 3. Therefore, if MM, is set equal to zero in 
this region, then the parallel combination of ?, and 
PR, is chosen to be equal in value to 7. In any one 
of the other three regions the variable M/, can be 
be determined from 


M,=(R,+R;) (1-2). (22) 


Py) 


A conversion can be made from the circuit in 
figure 11B to the circuit enclosed in the dashed box 
in figure 1 in which the current generator output is 


300 (1-2) 


/ / 


i,(v)—2,(v) (24) 
where, #:(v) and 7 are defined by the functional 
relationship of the current to the voltage in each 
linear region of curve A in figure 3 and each region 
is bounded by the breakpoints on the curve. Curve 
B in figure 3 is the monotonic i(v) curve that is 
produc ed by eq (24). This curve is easily followed 
by curve-following analog techniques. An analytic 
approximation to curve B was also produced for use 
in obtaining a total differential equation for the 
junction voltage, v, of the tunnel diode. The 
approximation is 


























Ficure 11. (A) Ideal amplifier. 


3) Network equivalent to the ‘ideal amplifier.” 


i(v) =k, |1—exp (—k.v*)] (fig. 3curveC) — (25) 
where, k;=0.008 and k,=11.0 for the GE 
tunnel diode type that is used in this study. 

The i(v) curve B for use in analog simulation is 
constructed by differentiating eq (24) in respect to 
v which gives 


ZJ 56 


di(v) di,(v) di;(v) , 
. (26) 
dv dv dv 

For each of the 7 linear regions (j=1,2 
di(v) . . 
is drawn from 

dv |; 
starting at 


3,4) of curve 

B a line with slope region 

breakpoint-to-breakpoint 
di(v) 


Note the 0. 
ote that — , 


the origin. 


The authors thank E. S. Sherrard for his assistance 
with the analog computer mechanization. 
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A Missile Technique for the Study of Detonation Waves 
Fillmer W. Ruegg and William W. Dorsey 


(October 30, 1961) 


Problems and effects of stabilizing combustion and detonation against hypersonic flow 
were investigated by observation of a 20 millimeter spherical missile in a stoichiometric 


mixture of hydrogen and air at rest. 


Combustion produced detectable effects on the shape 


and position of the shock wave at Mach numbers between 4 and 6.5, and above pressures 


of one-tenth atmosphere. 
gas spent near the front of the sphere. 


Chemical equilibrium probably was not reached in the time the 
One of the factors in the delayed equilibrium was 


delayed ignition behind the shock wave, which was observed to be between about one and 


ten microseconds. 


Ignition delay is explained in terms of chemical kinetic theory and 
compared with results of experiments in shock tubes. 


Strong combustion-driven oscillations 


originated in front of the sphere, with frequencies up to about one-tenth megacycle per 


second, 


These were observed when the Mach number was less than 6 at a pressure of one- 
half atmosphere, and less than 5 at one-quarter atmosphere. 


A large reduction of the drag 


coefficient of the missile was noted in one case of intermittent combustion. 


1. Introduction 


Combustion in hypersonic streams is of consider- 
able theoretical interest, and has a possible applica- 
tion in propulsion of missiles and aircraft. Applica- 
tion would require a knowledge of the problems of 
stabilizing the combustion against hypersonic flow. 
Recently some information has become available 
through the research of Gross [1]? on shock-induced 
detonations stabilized on a wedge. Nicholls et al., 
[2] studied combustion behind a normal shock wave 
in a free jet. These experiments were limited in 
range by problems encountered in generating streams 
of gas having a realistically high total temperature. 
In addition, the results may have been influenced by 
the methods used in mixing the fuel and air. 

It appeared that these problems could be avoided 
by using a hypervelocity missile in a combustible gas 
at rest. This report presents the initial results 
obtained from a study of combustion near a missile 
in a mixture of 30 percent by volume of hydrogen in 
air. Hydrogen was chosen because a substantial 
theory exists on its combustion, and because it may 
be useful in propulsion systems. Wave shape and 
position were studied by high speed photography to 
determine the conditions required to induce combus- 
tion, and to determine the effect of the missile on the 
combustion. Combustion is induced by the enthalpy 
rise of the gas in or behind the shock wave which is 
dependent only on the speed of the missile, and thus 
it was possible to create over and under driven 
detonations for study. Since the missile and wave 
were viewed through a stationary gas, the observa- 
tions were not influenced by boundary layers and 
turbulence as in experiments on detonation in tubes. 


. | 
These advantages permitted observations on the | 


spatial structure of detonation waves, which were 


Sponsored by the 


; Air Force Office of Scientific Research, U.S. Air Force. 
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interpreted in terms of the mechanism of reaction of 
hydrogen withoxygen. Although temperature changes 
would have an important effect, temperature was not 
changed from ambient in these initial experiments. 
Pressure was varied from 20 mm Hg to atmospheric 
to learn of its effects. 


2. Experimental Apparatus 


The apparatus is illustrated in figure 1 and is 
composed of: (a) A gun and range which contains 
the test (b) an electronic time delay ratio 
generator which triggers a submicrosecond light 
source (spark) when the missile is expected at the 
observation station, (c) two electronic microsecond 
counters, (d) an optical system to make schlieren or 
shadow pictures of the missile, and (c) auxiliary 
equipment such as pressure gages, vacuum pumps, 
etc. 

In the experiments to date nylon spheres, 0.785-in. 
diam (19.94 mm), have been mounted in an electric- 
primed case containing a fast burning gun powder. 
This technique of propelling the missile was borrowed 
from Eckerman [3]. Other techniques may be used, 
such as the light gas gun [4]. The missile travels 
through an evacuated range illustrated in the dia- 
gram, and enters the test gas after breaking through 
a thin diaphragm (8). 

Signals from the phototubes and ratio delay gener- 
ator actuate the two time counters, and the measured 
time intervals are used to compute the velocity of the 
missile between light beams and in the test gas. 
The schlieren optical system is illuminated by a 
spark of about 1077 see duration, obtained by the 
discharge of a barium titanate capacitor, and in some 
early pictures by light from a flash tube of about 
0.5><10-° sec duration. These illuminate a piece of 
ground glass adjacent to four razor blades which 
outline a rectangular slit % by % in. This is 
used as the light source of the schlieren system. <A 
rectangular slit is also used as a schlieren stop to 
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reduce effect of light emitted by combustion. Both 
slits are vertical to measure gradients of index of 
refraction parallel to the horizontal axis of flight. It 
was also found necessary to close the shutter of the 
camera within tenths of a millisecond after taking the 
schlieren picture to further reduce the effect of 
emitted light. The apparatus was used to obtain 
photographs of the missile and the shock and combus- 
tion waves that were generated in the combustible 


ras. 


3. Experimental Results 


All experiments in this report were made in a 
mixture of 30 volume percent of hydrogen in air. 
This mixture was chosen because it may be useful 
in propulsion systems, and because a considerable 
theoretical and experimental background exists on its 
combustion. Preliminary tests were made at pres- 
sures, p, from 0.026 to 1 atm absolute and at Mach 
numbers, MM, up to 6.5. These showed that effects 
of combustion on wave shape and position could be 
detected at pressures of 0.1 atm and higher, and for 
a range of M from 4 to 6.5. The upper limit of 6.5 
on M was fixed by the gun and missile, while these 
pressures were selected to partially cover the range 
that might be found in propulsion systems. Since 
results between pressures of 0.5 and 1 atm are 
qualitatively similar, this report describes results at 


pressures of 0.1, 0.25, and 0.5 atm. 





| of the missile in the test gas 
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Expe rimental apparatus. 


M at the observation point was determined from 
two speed measurements and the speed of sound, C, 
where C is 409 m per second in the combustible gas 
and 347 m per second in air, both at 300 °K. It was 
estimated from drag coefficient information on 
spheres, that since the percentage change of velocity 
of the missile in the test gas was less than 5 percent, 
the change of deceleration would be less than 10 
percent, Therefore, the deceleration was assumed 
a constant in the derivation of \/ at the observation 
point. 


3.1. Photographic Results 


Experimental results are primarily in the form of 
pictures obtained by schlieren photography of the 
region surrounding the missile. These are presented 
in figures 2 and 3. One shadow photograph is pre- 
sented in figure 2b. Schlieren pictures of the missile 
in air, 2a, and in a mixture of nitrogen and hydrogen, 
3a, are also presented for comparison with those in the 
combustible All pictures contain two dark 
heavy lines, one from a horozintal wire (out of focus) 
to help delineate the line of flight, and one from a 
wire perpendicular to the latter to give the position 
It is evident that in the 
range of M between 4 and 6.5, combustion takes 
place in the shocked gas near the missile, and in many 
instances has an oscillatory or intermittent property. 

At M/=4.3 and 0.5 atm, picture 2b shows a discrete 
region of flame surrounding the sphere. Schlieren 


gas. 
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pictures of the region behind the sphere at this value 
of Mf showed discrete regions of burned or burning 
gas spaced about three sphere radii from center to 
center and two sphere radii thick along the axis of 
flight. The regions of combustion overlap at higher 
M, and finally merge to give a continuous flame front 
at .V/ of about 6, as in picture 2e. Only one picture 
at 0.1 atm is presented, 2f, in which a combustion wave 
is demonstrated between the front of the sphere and 
the shock wave at \/=5.0. Other pictures above 
M=5 did not demonstrate combustion waves that 
could be measured. 

When the pressure was 0.25 atm, as in figure 3, 
a dark combustion wave is plainly visible in picture 
3b at M=4.5, and there is evidence of a weak oscil- 
lation in the combustion zone. Amplitude of the 
oscillation became large enough to be plainly demon- 
strated by the photography when M was 4.9, picture 
3c. Above !M=5 the combustion zone is enclosed 
in a smooth flame front as illustrated in pictures 3d 
to 3f. Picture 3e has additional waves that appar- 
ently emanate from the front surface of the missile. 
Breakage of the missile was troublesome during these 
experiments, and it is possible that a small chip 
caused these waves. 

There are other differences between the results 
that should be explained. First, pictures 2e, 3c, and 
3f were taken using light from the flash tube with 
relatively poor picture quality. Second, the shock 
waves are bright in figure 3 (except 3e) compared to 
the dark waves of figures 2a to 2d. Large positive 
density gradients in the shock at 0.5 atm move the 
image of the light source, to the left as illustrated in 
part (a) of figure 4, to produce a dark wave. A 
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smaller density gradient at 0.25 atm gives less move- 
ment, as shown in part (b), and results in a bright 
wave. A negative density gradient in a combustion 
wave would have the effect, as shown in part (c), to 
produce a dark wave. In air, and in some instances 
with the combustible gas a black and white shock 
wave is produced, as illustrated in figures 3e and 4. 
When the slit was replaced by the ordinary knife 
stop all shock waves were bright, as in figure 2e. 
However, the bright wave of figure 2f is a result of 
the low pressure which caused the effect illustrated 
in part (b) of figure 4. In all cases it is evident that 
a substantial part of the total compression in the 
shock wave takes place before combustion (or deton- 
ation) moderates the density rise of the shock wave. 
Picture 3c appears to have three lines radiating from 
the sphere; these lines are the results of imperfections 
present in one of the windows used in early 
experiments. 


3.2. Effect of Combustion on Wave Shape and 
Detachment 


Since combustion can be expected to have an 
appreciable effect on the density of the gas between 
the wave and sphere, it would also be expected that 
combustion would affect the shape and detachment 
of the wave from the sphere. Thus a measure of 
he extent of combustion in the vicinity of the sphere 
may be derived from these quantities. A projector 
was used to enlarge the image on the negatives from 
one-half to 7.64 times actual size, and the image of 
the waves and missile were traced on coordinate 
paper containing ten lines to the inch. Coordinates 
of the leading edge of the waves were read from the 
drawings and plotted to determine their shape. 

It was found that in the immediate vicinity of the 
sphere the shock waves could be represented by 
parabolas, and the combustion waves (at 0.25 atm) 
by ellipses. No attempt was made to measure the 
shape of the combustion waves at 0.5 and 0.1 atm. 
Equations of the waves, in the coordinate system of 
figure 4, are given below: 
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shock wave: ( p) m 
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The constants m and A, were determined and used to 
specify the shape and detachment of the shock wave, 
while the constants a, 6 and A, were determined and 
used to specify the shape and detachment of the 
combustion wave. These quantities are plotted in 
figure 5 for the shock waves at 0.5 and 0.1 atm and 
in figure 6 for both waves at 0.25 atm, all against M. 
Both figures contain results of these measurements 
in air and Eckerman’s [3] measurements in oxygen 
which he obtained with an 8mm sphere. His values 


° 1 
combustion wave: ( 7 ) 
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of A, are less than the present results in air, possibly 
because he used a rotating mirror and a fast spark 
to provide a stopped image of the sphere and wave. 

Results from tests with both light sources are 
included in the figures. Spark data on A, are 
represented by closed circles, and flash tube data by 
closed triangles. Smaller values of A, result from the 
spark data, perhaps for the same reason that Ecker- 
man’s results are smaller than ours in air. Values 
of wave shape m are also differentiated the same way, 
but values of A, and constant @ are not. 

Constant 6 (not plotted) varied linearly between 
a value of 0.7 at M@=4.5 and a value of 0.58 at M=6.1 
when the spark pictures were evaluated, and was 
about 0.15 smaller at corresponding M when the 
flash tube pictures were evaluated. All data at 0.1 
atm were obtained with the faster spark. 

Inspection of figures 5 and 6 shows that the effect 
of combustion is to move the shock wave away from 
the sphere, and that the effect increases as pressure 
increases. The large effect of pressure, and the 
maximum in the curve of wave detachment, suggest 
that chemical reaction is not complete near the wave 
front. Thus the situation probably can be described 
as a shock wave followed by chemical reaction with 
relaxation time comparable to or larger than the 
time the gas spends near the front of the missile. 
Duff [5| has caleulated the progress of the chemical 
reaction behind shock waves, and Bird [6] has out- 
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lined a graphical-numerical technique of handling the 
equations of motion of the gas between the wave and 
sphere. It is theoretically possible to combine these 
calculations to derive the shape and detachment of 
the waves. Alternatively, the measured shape and 
detachment may be used to check the validity of the 
chemical rate processes. Any computation of this 
kind would be long and involved. For the time 
being an estimate of the situation is all that will be 
given. 

Eckerman [3] observed that the shock-detachment 
distance in air varied approximately inversely with 
the density ratio p2/p,; across the shock wave, where 
subscript 1 represents the condition before and 2 the 
condition after the wave. This relation was used to 
estimate the wave detachment to be expected in 
these experiments. Therefore, at a given M, wave 
detachment with combustion would be approxi- 
mated by 


P2 
As=A,, sir? 
P3 


where subscript 3 represents the condition behind 
the detonation wave. Density ratios p/p. of adi- 
abatic shock waves in the mixture of air and hydrogen 
were calculated using real gas properties, and cal- 
culated values of p,/p3 across detonations at chemical 
equilibrium were given by Eisen and coworkers [7]. 
They showed that an initial pressure change from 
one to 10~* atm changed the density ratio across 
Chapman-Jouguet detonations by about only 6 
percent. Thus it seemed that their calculated 
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values of density ratio across strong detonations at 
1 atm could be used for comparison with results of 
these experiments. These calculated density ratios, 
and values of A, ai, gave estimates of 
A, for detonations which are plotted as a dashed line 
in figure 5. Agreement between experiment and 
estimate above \/=5.5 indicates the possibility that 
chemical equilibrium was approached near the frovt 
of the sphere. However, two experiments at M=5.3 
and 6.0 at a pressure of 1 atm showed an increase of 
about 20 percent in A, over the values at 0.5 atm. 
This indicates that the estimated curve would prob- 
ably be corrected to larger values of A by an exact 
fluid-mechanical calculation. Thus, chemical eaui- 
librium is probably not reached under any condition 
in these experiments near the front of the missile, 
especially below \/ al out 55 


observed 


3.3. Ignition Delay and Chemicol Kinetics 


One factor involved in delayed equilibrium is the 
observed delay in ignition behind the shock wave. 
\ picture such aus ficure x | | could he used to cetermine 
the state of the gas and the time spent between 
shock and combustion waves along any selected 
streamline through fluid-mechanical calculations as 
outlined in reference [6'. Comparison of the time 
intervals and. the the different 
streamlines might furnish information on the factors 
that control the onset of combustion. In this report 
we use the observed separation between shock and 
state of the 
and the ignition delay time, 7, on the central stream- 
line xis of flight 


state of gas for 


combustion waves to estimate the 


fas 


The time spent by the gas between the shock wave 
and wr is 
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Bird [6] stated that the 
at the sphere is approxi nately 
also assumed that the flow between 
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Values of A,, A,, A and m were taken from figures 
5 and 6, and ealeculated values of which Is 
sidered an ignition delay, are plotted in figure 7 
Spark data only ure used here since it Is considered 
accurate than the “‘slower” flash tube data. 
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lenition delays cover a range of zero to 10 usec. 
Curves in the figure are derived from a correlation 
to be described. Portions of the curves are dotted 
to indicate extrapolations. 

An attempt was made to explain these ignition 
delays through considerations of chemical kinetics, 
and to compare the results with those of other 
research workers. Lewis and von Elbe [8], Schott 
and Kinsey [9], and Duff [5! have discussed the 
kinetics of the hydrogen-oxygen reaction. Their 
explanation of the factors that are involved in the 
initial stage of the reaction is used. Five important 
reactions, and their contribution to the rate of forma- 
tion of the hydrogen atom, are listed below ; 


2H+1 {H1] 
Q}] () 
OH+H {T1] 
H.0O+11 
HO,+1 I] 


Qo Hof] 
2k! HI Oo] 


A EO.) 1] 


Inert species ar indicated 1 | concentrations are 
indicated by brackets, and k’s are rates of reaction. 
Reactions and (3) are considered very fast com- 
pared to the others, and their effect is to form three 
hvdrogen atoms for every one consumed by (1). 
Total rate of formation of [H] is the sum of the 
three rate equations, if it is assumed that there is no 
reverse reaction of uy significance during the indue- 
tion period. The temperature behind the shock 
wave, 7>, and therefore k, as the concentra- 
tions ol I ee 1) obably unchanged during the 
lod ‘Therefore the rate equation ean 
be integrated to ¢ 


as well 
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chosen 1s open to auestiol 
essentially would 
the left side of the 

Schott 


reaction 
other plausible reactions 
only the denominator of 


above equation 
Kinsev [9] tested a part of the above 
a range of time intervals from 5 to 500 

behind incident and reflected 
shock waves in tubes \ straight line was obtained 
when InfO, was plotted against 7.~', where 7,7! is 
proportl mal to In f This impli s that the ratio of 
H is always the Same at ig 


changes of In | HH 
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equation ovel 
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nition, when ¢=7, or that 
were not significant over 
iments. Their intervals were 
measured to. the the OH. radical. 
Strehlow [10] measured ignition delays behind re- 
flected shocks in tubes over a range of 12 to SSO usec. 
His time intervals were from 20 to 100 percent larger 
than those observed 


the range of the « Xp 


appearance of 


bv [9]. possibly for the reason 
that ignition is that much later than the appearance 
of OH. ‘reaction (4) in 
their ly due to the low pressures of 
their experiments 

lenition delays prese ited in figure 7 are plotted in 
figure S using the correlation given by the above 


Joth omitted the effect of 


correialion 





equation. [O.} was calculated from p, and 7, im- 
mediately behind the shock front in the real combus- 
tible gas. The temperature rises by about two per- 
cent and pressure by about 15 percent between the 
shock and combustible waves. Therefore the error 
is less than 15 percent when shock pressure and tem- 
perature are used. Information is presented by [8] 
on the rates of reactions (1) and (4) which can be 
used to derive the effect of reaction (4). For these 
experiments it is given by 





T, sec x 10 











4.8 5.2 5.6 


MACH NUMBER, M 


Vach on 
the shock wave. 


@p=0.00 p=0.25 p 


7.. Effect o number ignition delay behind 


0.10 





] + moles liter! sec x 10? 


= 


8570 
% 








[a] +[i-0 ospexr 


| 





1 e-| 4 
7, m0 
Te 


FIGURE 8. Correlation of ignition delay. 


@p=0.50 F p=0.10 


I [7] 
ur : =(0.,05 


2k, 


8570 


r. exp “7p 


7 
where 8,570 °K is the activation temperature of re- 
action (1), and the constant 0.05 °K atm! is one- 
quarter of that derived from the information of [8] 
for this combustible mixture. Since our data are 
not comprehensive enough to fix the activation tem- 
perature, the constant 0.05 was used in order that 
the data would give an activation temperature of 
8,570 °K. This lies between that of 8,300 °K given 
by [10] and 8,800 °K given by [9]. Inclusion of the 
effect of reaction (4) in this manner modified only 
the time results of experiments at 0.5 atm, in which 
the pressure was high enough and temperature low 
enough for reaction (4) to be significant. 

The equation of the line in figure 8 is 


) 8570 
2.3 logio( [Oz| ak 0.05 : exp 7 \) 


ah AY 
rT, ; 
Since the values of [O.}r are only 10 to 20 percent 
larger than those given by [10], it appears that this 
method of correlating ignition delay is valid over a 
range of time from about 10° to about 1 usec. Curves 
in figure 7 were derived from the above equation, and 
it appears that these experiments have permitted 
observation of ignition delay behind shock waves 
with a time resolution of about a microsecond. 


3.4. Combustion Oscillations and Drag Coefficient 


Many of the pictures of figures 2 and 3 exhibit 
oscillations that are driven by combustion, and in 
one case (picture 2b) an intermittent combustion as 
demonstrated. At this Mach number of 4.3 and 
pressure of 0.5 atm, the data on A, and m show large 
variations, which suggests that the oscillations orig- 
inate at the front of the sphere. These oscillations 
nay contribute to the scatter of the data on ignition 
delay described in the previous section, since some of 
the data were taken from pictures showing oscilla- 
tions. It is likely that oscillations will appear in 
applications of hypersonic combustion as it does in 
most other forms of combustion. 

In pictures 3b and 3c, the oscillation appears as a 
regular wave motion, probably originating in the 
region ahead of the sphere. Longitudinal oscillations 
in rocket motors also exhibit this characteristic. 
They can be described approximately as an acoustic 
oscillation in a tube with both ends closed, since 
expansion waves cannot be reflected upstream against 
the sonic flow in the throat of the nozzle [11]. If 
longitudinal oscillations between the sphere and wave 
front contribute to the observed oscillation, it would 
be expected that they would be comparable to those 
in a tube with one end open, since in this case expan- 
sion waves may be reflected from the shock front. 
The period of acoustic oscillation, r’, would be given 
by 

,_4d, 
nC 


| where C; is the velocity of sound between the wave 
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and sphere. In picture 3c the velocity of sound 
would be between 890 and 1,130 m persecond. These 
values are those behind an adiabatic shock wave at 
M=4.9, and behind a detonation at M=4.8 at 
chemical equilibrium, respectively. The latter value 
was computed by [7]. Using these values and a 
value of 0.24R for A, gives a period between 8 and 
11 & 10~* sec for the fundamental oscillation (n=1). 
This period is, and probably should be, larger than 
the ignition delay of 2 wsee at this Mach number of 
4.9. An accurate analysis of the motion probably 
would need to take account of a three-dimensional 
propagation of waves of finite amplitude with a 
periodicity in the rate of heat release. 

Since deceleration of the missile was computed to 
determine M at the observation point, the drag 
coefficient, Cp, was also evaluated in each test. Over 
a period of many tests it became apparent that the 
time measurements were not reproducible enough to 
give consistent results. Cp is derived from a small 
difference between two large velocities, and an error 
of several microseconds would have a large effect on 
the difference, but not on the absolute velocity. 
Since Cp was unusually small in the first test at 
M=4.3, pressure 0.5 atm, a series of eight tests was 
made to attempt a tentative evaluation of the effect 
of combustion on the drag coefficient. It was hoped 
that the system would be reproducible in this short 
interval of eight tests. At these conditions picture 
2b demonstrates intermittent combustion. A rapid 
lateral expansion of the burning gas at the rear half 
of the sphere is also evident. This may have delayed 
the separation of the flow from the rear surface, 


thereby causing the unusually smal] value of the drag 
coefficient. 

Four tests at a Mach number of 4.6 showed that 
the drag coefficient of the missile in air was 0.8+0.1, 
which compares well with results of about 0.9 given 


by measurements in wind tunnels. Uncertainty of 
0.1 in the drag coefficient corresponds to an uncer- 
tainty of about 3 usec in the time measurements. 
Drag coefficient changes very slowly with .V in this 
range, and this value of Cp can be compared with 
results in the combustible gas at M=4.3. One test 
before, and three immediately after the tests in air, 
all at M=4.3, gave 0.4+0.3 in the combustible gas. 
Since there was no known change in the character- 
istics of the measurement system, the larger uncer- 
tainty in the combustible gas may have been caused 
by variations in the characteristics of the combustion 
process. Detachment of the shock wave from the 
sphere was only slightly larger than that in air, and 
it seems unlikely that reduced pressure on the front 
of the sphere caused the reduction of Cp. Hence 
the tentative conclusion may be drawn that the 
pressure on the rear of the sphere was increased. It 
was estimated that a time average value of 6p over 
the rear of the sphere would be needed to reduce the 
drag coefficient by the observed one-half. Pressure 
on the rear of the sphere in air was estimated to be 
0.3p. A missile with a turning angle less than that 
of the rear of the sphere would probably respond even 
more favorably to this effect and perhaps a net 
thrust would be realized. Although this effect on 





the drag coefficient appeared when combustion was 
intermittent, it is not necessarily dependent on the 
intermittent character of the combustion. 


4. Conclusion 


It is concluded that observation of a hypervelocity 
missile is a technique which may be used to study 
some of the problems of stabilizing hypersonic com- 
bustion. Combustion waves are observed in some 
instances to follow the shock wave generated by the 
missile. The spatial separation was converted to 
ignition delay times, which were between about 1 
and 10 wsec. These were about one order of magni- 
tude smaller than previously observed by experiments 
in shock tubes. Satisfactory agreement between 
these and observations in shock tubes was obtained 
through chemical-kinetic theory. Thus it is con- 
cluded that the method may be used to determine 
some of the properties of detonation waves. As in 
most all applications of combustion, oscillations 
driven by combustion are demonstrated under some 
conditions. A possible large reduction of the drag 
coefficient of the missile was noted in one case of 
intermittent combustion in which the combustion 
may have delayed separation of the flow from the 
rear surface of the missile. Fluid-mechanical cal- 
culations will be used to extend the information 
derived from this technique. 
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Creep tests were made in tension under constant loads at temperatures of 300, 700, 900, 
and 1,200 °F on nickel, copper, 70-percent nickel-30-percent copper, and 30-percent-nickel- 


70-percent copper specimens, initially cold-drawn to 40-percent reduction in area. 


Confor- 


mance to the conventional creep rate laws was obtained only over limited ranges of stresses, 


temperatures, creep rates, and strains. 


Metallographic examinations were carried out on 


some of the fractured specimens to ascertain the effects of temperature and stress on the 
necking characteristics, internal cracking, subgrain formation and the number and distribu- 


tion of “etch figures.” 
are discussed. 


1. Introduction 


A comprehensive investigation, designed to eval- 
uate the effects of stress and temperature on the 
mechanical properties of metals, has been in progress 
for several years at the National Bureau of Standards. 
Some of the results of tests made on nickel, copper, 
and nickel-copper alloys have been published [1 to 


9].'_ The present phase of the study was made to 
evaluate the effects of stress and temperature on the 
creep characteristics at 300, 700, 900, and 1,200 °F 
of nickel, copper, 70 percent nickel-30 percent copper, 
and 30 percent nickel-70 percent copper specimens, 
as cold-drawn to 40 percent reduction in area. Some 
creep data, obtained on the annealed metals [8], 
made from the same heats as those used in the present 
studies, are included to evaluate the relations between 
cold-drawing and creep behavior. 

Extensive reviews of current literature on theories 
of solid-solution alloying [10] and of creep [11] have 
recently been presented. Therefore, orly selected 
references, pertinent to the present data, are listed. 


2. Materials and Procedures 


The chemical compositions of each of four metals 
used is given intable 1. All the bars of each material 
were processed from a single heat and they were sup- 
plied in the form of % or 1‘,.-in. rounds. The 
annealing treatments produced average grain sizes 
as shown in table 1 and these annealing treatments 
were used prior to the final cold-drawing of the rods 
to 40-percent reduction in area. The creep speci- 
mens of each metal for each condition were machined 
from a single bar and had a 0.505-in. diam over a 
2-in. reduced section. 


8 


1 Figures in brackets indicate the literature references at the end of this paper. 
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The relations between cold-drawing and the creep characteristics 


Each specimen was heated for 24 hr in air at the 
desired temperature before loading to a predeter- 
mined stress in increments of approximately 5,300 
psi, applied at 1-hr intervals. The temperatures of 
the creep furnaces were controlled to +1 °F of the 
desired values over the specimen length and the prob- 
able error in measuring the extension increments 
was less than 0.00002 in. 


3. Results and Discussion 


The data are summarized in table 2, and in figures 
1 to 16 inclusive. The relation between cold-drawing 
and the creep characteristics of nickel was previously 
described [9]. Some of these data on the nickel are 
used in this paper for comparison purposes. The 
relation of cold-drawing to the creep chsracteristics 
of the other metals used were essentially similar when 
comparisons were made at equel test temperature- 
recrystallization temperature ratios. These rela- 
tions are generally illustrated, in this paper, by the 
data obtained on the 30 percent nickel-70 percent 
copper alloy specimens. 


3.1. Effects of Stress and Temperature on Strain- 
Time Relations 


Numerous equations have been proposed to 
describe the strain-time relations for specimens 
tested at different temperatures and stresses. How- 
ever, the equations generally are applicable only to 
specific stages of creep over limited ranges of stresses 
within definite temperature limits and in some cases 
are empirically derived. In spite of the similarity of 
strain-time curves obtained under various test condi- 
tions, it is not feasible to derive another complete 
strain-time curve by simple transposition even for 
specimens of the same metal tested at the saine tem- 
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perature with different stresses [9]. The creep curves 
obtained for the metals used in this investigation 
were essentially similar when the comparisons were 
made at equal test  temperature—reerystallization 
temperature ratio values.2. The general shape of the 
creep curves are illustrated by the log strain-log time 
data in figure 1 for the 30 percent Ni-70 percent Cu 
alloy specimens. The general trend of the curves, 
except for the data at 300 °F, is a positive contour; 
l.e., an increase in slope of the log-log curves with 
increase in time; however, linear relations were some- 
times observed over limited ranges during the second 
stage of creep. 

In general, this linearity was more apparent at the 
lower stresses at 700 and 900 than at 300 or 1,700 °F. 
The ranges of strain, over which a linear relation 
exists, depends on the strain on loading, the extent of 
the first stage of creep and the strain at the beginning 
of the third stage 

Strain-time curves for the cold-drawn specimens of 
nickel and the nickel allovs tested under identical 
conditions at 700, 900, and 1,200 °F are shown in 
figures 2 to 5, inclusive. Tests for the copper could 
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not be made at the stress levels shown in these figures 
its creep resistance * was too low. The creep 
stresses used on the 70 percent Ni-30 percent Cu 
alloy at 700 °F were too high to compare with the 
other metals under equal test conditions. The 
resistance of creep of the 30 percent Ni-70 percent Cu 
alloy was greater than that of the nickel at 700 °F 
(figs. 2 and The magnitude of the increase was 
greater for the higher stresses. The creep resistance 
at 900 (fig. 4) and 1,200 °F (fig. 5) of the nickel is 
generally intermediate between the 70 percent nickel 
alloy and the 30 percent nickel alloy. Apparently 
the solute atoms which act as barriers to the motion 
of dislocations are less effective as the temperature is 
raised. Prior cold-drawing tends to decrease the 
temperature range at which strengthening due to 
alloving is effective [8]. Furthermore, as indicated 
by the microstructures obtained after fracture (fig. 
21), some recrystallization occurred in some of the 
30 percent Ni-70 percent Cu specimens tested at 
900 °F. This phenomenon would tend to cause a 
decrease in the creep resistance of the allov below 
that of the unrecrystallized nickel under 
identical conditions. 
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FIGURE 1. 


Strain-time curves for the cold-drawn 30% Ni-70° Cu specimens tested in creep. 
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Figure 5. Strain-time relations of cold-drawn specimens 


. : ; tested at 1.200 °F with differe nt stresses. 
FiGurRE 2. Strain-time relations of cold-drawn specimens 


tested at 700 °F with a stress of 12,670 pst. 


3.2. Relations of Temperature, Stress, and 
Composition to Second Stage Creep Rate 


During the first stage of creep, the creep rate 
decreases as the test time increases. Eventually, 
the creep rate appears to become approximately 
constant over a period of time, the extent of which 
depends on the test conditions. This constant rate, 
which is described as the second stage creep rate, 


has been used as a st rength index for evaluating the 
properties of different materials at constant or dif- 
fering test conditions. Furthermore, this constancy 
of rate has become the basis for much theoretical 
discussion as the second stage is sometimes considered 
to be the range in which there is a balance between 
strain hardening and recovery of metal crystals. 
Some of the formulas derived from theoretical con- 
ne ’ siderations indicate that either a linear or a power 
relation exists between the applied stress and second 
stage creep rate. Others indicate a linear relation 
between creep rate and the hyperbolic sine of the 
stress [12]. It has also been postulated that a single 
curve might describe stress-creep rate parameter 
relations over a wide range of temperatures and 
°F: 37330 psi ; | Stresses [13]. 
| The degree of success in the application of the 
formulas to data obtained in creep tests depends on 
such factors as the models used, the initial condition 
of the metals, the homologous temperature, the creep 
stress-tensile strength ratio, the reactions taking 
place during testing, and the ductility. 

The interrelations of stress, second stage creep 
rate, and temperature, as influenced by composition 
and cold-drawing, are shown, for the metals used in 

| | the present investigation, in figures 6 to 12, inclusive. 

+ | The relations of creep stress, and of the creep 

a wan ae Cae soo | Stress-tensile strength ratio to the second stage creep 

TIME, rate of the annealed and cold-drawn 30 percent 

FicureE 4. Strain-time relations of cold-drawn specimens Ni 70 percent Cu alloy specimens, are shown in 
tested at 900 °F with different stresses. | figure 6. At each temperature, the shape of the 
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FIGURE 3 Strain. time relations of cold-drawn specimens 
tested at 700 °F with different stresses. 
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{ 
‘old-drawn metal. This is due, in part, to the fact 
that 1,200 °F is above the recrystallization tempere- 
ture of the metal 

Attempts were made to ascertain whether creep 
data could be caleulated from the results of short 
time tensile tests Accordingly, the creep stress- 
tensile strength ratios at the different temperatures 
were determined and plotted as a function of the 
second stage creep rate for the 30 percent Ni-70 
percent Cu alloy (fig. 6B). As the values of tensile 
streneth |7] are those obtained at the respective 
temperatures, it Is apparent that the creep stress- 
tensile strength ratio to produce equal creep rates 
decreases xs the temperat ure Is increased. However, 
the decrease in values is less at the fast creep rates 
than at the slow rates. Cold-drawing the metal 
uppears to increase the ratio slightly at 700 and 
900 °F whereas the reverse is true at 1,200 °F. The 
magnitude of the increase at 900 °F was significantly 
less than that previously shown for the nickel [9]. 
It is obvious from these results that no simple cor- 
relation exists between short-time tensile test data 
and creep data. 

The effect of stress on the second stage creep rate 
of the cold-drawn metals is shown in figures 7 and 8. 
The curves for the nickel and the 30 percent Ni- 
70 percent Cu alloy are usually intermediate between 
the high values for the 70 percent Ni-30 percent 
Cu alloy and the low values for the copper. At Ficure 8. Influence of stress on the average creep rate 
700 °F the stress necessary to produce equal creep during the second stage at 900 and 1,200 °F. 
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rates was slightly greater for the 30 percent Ni- 
70 percent Cu alloy than for the nickel, whereas, 
at 900 and 1,200 °F the reverse was observed. 

The relation of creep stress-tensile strength ratio 
to the second stage creep rate of the cold-drawn 
metals indicated that, at all the temperatures used, 
this ratio was lowest for the copper. Although the 
ratios for the allovs at 900 and 1,200 °F appeared 
to be intermediate between the high values of the 
nickel and low values of the copper, they were 
significantly different at different creep rates. 
Furthermore, the values were more closely grouped 
at 1,200 than at 900 °F 

The relation between stress and temperature, to 
produce creep rates of 1 percent and 100° percent 
per 1,000 hr on the annealed and cold-drawn 30 
percent Ni-70 percent Cu specimens, is shown in 
figure 9A. Strengthening due to cold-drawing is 





most pronounced at 300 °F and becomes less pro- 
nounced as the temperature is increased. At 
1.200 °F, the values for the two conditions are 
effectively the same Although the stress increase 
necessary to produce ereep rates of 1 percent and 
100 percent per 1,000 hr is small at 300 °F, appre- 
ciable increases are required at the higher tempera- 
tures. The spread in stress values, to produce 
different creep rates is greater at 900 than at 
1,200 °F even though the percentage differences at 
1.200 °F are greater 

When log stress-log creep rate values (not shown) 
for specimens are plotted, a linear relation can 
often result The slope of the line A log stress 
A log creep rate, at each temperature 1s designated 


“rate sensitivity’? [14]. Generally, this value in- 7 — 


TEMPERATURE *f 
creases with mcrease 1m tem perature as shown by 


the data for 30) pereent Ni-70 percent Cu alloy Ficure 9. Effect of temperature (A) on the tensile strength and 
specin ens in figure 9B Cold-drawing the metal the stress to produce different second stage creep rates and (B 
appeared to increase the rate-sensitivity at 900 F. on the rate sensitivity of the annealed and cold-drawn 30% 
In contrast, cold-drawing the nickel specimens Ni-70% Cu specimens 
caused a decrease in this property [9]. The relation 
of com position of the specimens to the rate sensitivity 
is shown in figure 10. With the exception of one 
value for the copper at 1,200 °F, the values for the 
copper are the highest. The rate sensitivity of the 
30 percent Cu alloy was greater than that of the 
nickel. Prior cold-drawing appeared to cause an 
increase in some of the rate-sensitivity values and 
# decrease in others. This behavior indicates that 
no smooth relation exists between rate sensitivity 
and chemical composition. 
The relation of com position to the stress necessary 
to produce equal creep rates at various temperatures 
of the cold-drawn metals is shown in figure 11. 
The slopes of the line segments indicate that the 
greatest increase in stress of the allovs above that 
of the base metals is obtained at 700 °F while the 
least is at 1,200 °F. The latter observation is due 
to the fact that this is above the recrystallization 
temperature of all the metals tested. It should seas a: e ; eae a 
also be observed that the slopes of the stress- | °° Ganealed onde Pa i nea "idee ak aaa 
composition line segments are also different at temperatures. 
different creep rates. 


(a is the applied creep stress and é is the corresponding second stage creep rate 
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FIGURE 11 Variation of stress with nickel content to produce 
equal second stage creep rates at different temperatures of the 
cold-drawn metals 


3.3. Relations Between Test Conditions and Fracture 
Time 

The relations of stress and second Stage creep 

rate to frecture time, as influenced by temperature, 


FRACTURE TIME, hr 


FIGURE 12 Relation of stress and second stage creep rate to 
, > Ts ~ ( 
fracture time of the annealed and cold-drawn 30% Ni-70% 


Cu spec wens. 
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Fiaure 13. Relation of stress to fracture time of cold-drawn 
specimens at different temperatures. 


cold-drawing, and composition, are shown in figures 
12, 13, and 14. As illustrated in figure 12A, the 
stress necessary to cause fracture of 30 percent 
Ni-70 percent Cu specimens at any given time 
increases with decrease in test temperature, and 
with exception of the data at 1,200 °F, with cold- 
drawing. Strengthening due to cold-drawing is 
more pronounced as the temperature is decreased. 
The second stage creep rates necessary to produce 
fracture at equal times were generally greater for 
the annealed than for the cold-drawn metal, as 
shown by the data in figure 12B. As the temperature 
is increased, the creep rate necessary to cause fracture 
in any given time increases for the cold-drawn 
specimens; whereas no simple relation of this type 
was observed for the annealed specimens. The effect 
of stress on fracture time at 700, 900, and 1,200 °F 
of the cold-drawn metals is shown in figure 13. 
At each temperature, the values for the nickel and 
the 30 percent Ni-70 percent Cu specimens were 
intermediate between the low values of the copper 
and the high values of the 70 percent Ni-30 percent 
Cu alloy. The stress level of the 30 percent Ni alloy 
is slightly higher than that of the nickel at 700 °F; 
however, at 900 and 1,200 °F the opposite is 

















Figure 14, 


TIME. hr 


Relation of second-stage creep rate to fracture time of cold-drawn specimens at 


different temperatures. 


true. The second creep rate-fracture time 
relations for the cold-drawn specimens are shown in 
figure 14. It is evident from the relative positions 
of the curves that no simple relation exists describing 
all of the variables involved. As the fracture time 
includes the total test time for each of the three 
stages of creep, apparently different types of micro- 
structural changes occur which are dependent on 
the temperature, test time, and the creep rate. 
For different metals, the changes in structure during 
each of the stages are obviously different. 


stage 


3.4. Relations of Temperature, Second Stage Creep 
Rate, and Composition to Ductility 


Prior cold-drawing of the specimens tended to 
decrease the elongation and reduction of 
values for specimens tested in creep below 
recrystallization temperatures. Above the recrystal- 
lization temperatures, prior cold-drawing had no 
significant effect on the ductility. No consistent 
trends were observed on the relation between creep 
rate and elongation or reduction of area, at all 
temperatures, for the cold-drawn metal. 
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Figure 15. 


The elongation-creep rate values for the cold- 
drawn specimens (fig. 15) indicate that one curve 
could describe the limited amount of data obtained 
at 300 °F. The curves at 700 and 900 °F are another 
manifestation of the complexity of the mechanisms 
of deformation occurring at different rates and for 
different metals. At 1,200 °F, however, elongation 
values generally increase with increase in nickel 
content and no smooth relation between second 
stage creep rate and ductility could be established. 

Although a single curve describes the relation of 
creep rate to the reduction of area values at 300 
°F of the cold-drawn metals (fig. 16), the data 
obtained at 700, 900, and 1,200 °F indicate that the 
reduction of area increases with increase in nickel 
content of the specimens. However, the magnitude 
of the increase is affected by test temperature. 


3.5. Relation of Creep Conditions to Structures 


The effect of temperature on the tendency of the 
specimens tested at different rates, to contract 
locally (neck) is shown by the photographs of figures 
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Relation of second stage creep rate to elongation values of specimens 


al different temperatures. 


Symbols used at 300 


F correspond to those used for the metals at 700, 900, and 1,206 
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IS. The necking of specimens of copper and 
of the nickel-copper allovs was more pronounced as 
the temperature was decreased and as the creep rate 
Surtace 


17 and 


cracks were also more evi- 
dent in the specimens tested at high temperatures 
low although their presence 
sometimes obscured by oxide films on the surface 
figs. 17G and 18, H and I The surface cracking 
Was associated with low ductility in the specimens, 
whereas this phenomenon was not observed for the 
cold-drawn nickel specimens [9]. 

It been [2] that during the third 
stage of creep, lattice defects coalesce to form voids 
and cracks, some of which link up to form the main 
path of the fracture. Some of the cracks, that were 
discontinuous in the interior of the specimens used 
in the present investigation, are shown in figures 19 
and 20. Round and elliptical cracks, generally as- 
sociated with transery stalline fracture are shown in 
A, B, C, and D of figures 19 and 20. Jagged cracks, 
the type associated with intererystalline fracture, 
are more evident at the high temperatures and slow 
creep rates (longer fracture times), as shown in G, 
H, I of figures 19 and 20. A mixture of intererys- 
talline and transcrystalline cracking is illustrated by 
the photomicrographs in E and F of figures 19 and 
20. The number of the cracks become less as the 
distance from the complete fracture becomes greater. 
Subsequent etching of these specimens showed defi- 
nitely the existence of the different types of cracks 
in the specimens. Some of the etched specimens 
are shown in figure 21. These surfaces indicate 
that cracking exists even at a distance of 0.4-in. from 
complete fracture (fig. 21C, D, E, and F) although 
at the lower temperatures this occurrence was very 
limited (fig. 21A and B). 
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Extensive elongation of the grains, accompanied 
by very limited transcrystalline cracking, was evi- 
dent in the cold-drawn 30 percent Ni-70 percent Cu 
specimens tested at 700 °F. A mixture of trans- 
crystalline and intererystalline cracks was observed 
for the specimen (fig. 21C) tested to fracture in 192 
hr at 900 °F; 
companied by 


whereas intercrystalline cracking, ac- 
recrystallization into small grains, 
predominated in the specimen tested at the same 
temperature for a long period of time (fig. 21D). 
Interery stalline cracking, accompanied by recrystal- 
lization and the formation of equiaxed grains whose 
size increased with increase in test time, predomi- 


nated at 1,200 °F (fig. 21E and F). 

Subboundary structures in metals have been ob- 
served for many vears [15]. The literature on the 
influence of creep on the formation of subgrains 
within the parent grains has recently been reviewed 
19]. Subgrains, observed after fracture of cold- 
drawn copper and 30 percent Ni-70 percent Cu creep 
specimens, are shown in figure 22. The subgrain 
boundaries, evident for specimens strained at the 
lower temperatures, are apparently more effective 
barriers to the motion of dislocations than the sub- 
grain boundaries existing at the higher temperatures. 
Some of the subgrains formed at the higher tempera- 
tures and long test times appeared to be larger than 
those formed at the lower temperatures. In general, 
the subgrain boundaries in the allovs appeared to be 
more distinct than those of the parent metals. 

Some investigators have related the number of the 
etch figures to the number of dislocation 
Triangular etch figures, developed by etching (etch- 
ing time constant) the surface of the cold-drawn 
copper specimens used in the present investigation, 
are shown in figure 2: In general, it was observed 
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FIGURE 17 Relation of temperature and second slage creep 
rate lo the appearance of 80°) Ni-? Cu specimens tested 
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FiGuRE 18. Relation of te mperature and second stage creep 


rate to the appearance of copper specimens tested to complete 
fracture. / 





Figure 19. Relation 


of temperature 


and fracture time to 


microstructures of 30° Ni-70°% Cu specimens. 
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that increasing the test temperature or decreasing 
the creep rate tended to increase the size and decrease 
the number of the etch figures. Furthermore, the 
etch figures were more evident within the grains than 
at the grain boundaries. 


4. Summary 


Creep tests were made in tension at 300, 700, 900, 
and 1,200 °F on specimens of copper, nickel, a 70 
percent Ni-30 percent Cu alloy, and a 30 percent 
Ni-70 percent Cu alloy, initially cold-drawn to 40 
percent reduction in area. 
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Conformance to the parabolic strain-time law 
evident over limited of 
temperature, 


ranges stress, strain, 
Cold-drawing the metals, prior to testing below 
the recrystallization temperatures, tended: (1) to 


| inecreuse the stresses necessary to produce equal 
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creep rates; (2) to displace the creep stress-fracture 
time curves to higher values of stress; (3) to displace 
the creep rate-fracture time curves to lower values 
of creep rate; (4) to decrease the elongation and re- 


| duction of area values; (5) and to change the rate 


sensitivity. Above the recrystallization tempera- 





tures, the strength and ductility values were affected 
only slightly by prior cold-drawing. 

The 70 percent Ni-?0 percent Cu alloy generally 
showed the greatest resistance to creep and copper 
The nicxel was stronger than the 30 per- 


i and 


the least. 
cent Ni-70 percent Cu alloy at 900 and 1,200 
weaker at 700 °F. 

Strengthening of the all Vs above that of the base 
metals was most marked et 700 °F and at the higher 
creep rates. 

Although the rate sensitivities increased with in- 


crease in temperature, no smooth relation was shown 
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a0) 1200 
1200 
1200 


14044 


between this property and chemical composition of 
the metals. 

Reduction of aren values obtained on specimens 
tested at 700, 909, and 1,200 °F «nd elor gation values 
at 1,200 °F increased with imercase in niexel content. 
No smooth relation ves ovserved fcr elongation 
values at 700 and 900 °F. The ductility at 300 °F 
appeared to be independent of chemical composition. 

The degree of necking of the specimens decreased 
and the tendency toward intercrystalline fracture 
increased with decrease in creep rate and, except the 
nickel, with increase in test temperature. 
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FiGuRE 21 Microstructures, near ax approximately O.4°" 
from fracture of 80° ¢ Ni-70°%¢ Cu specimens 
he point of fracture is to the left h photon pl Longitudinal se¢ 
tions, etched in 20 ¢ , 3.752 25 cn cone.), 25 em? H,SO 
cone nd 450 ¢m 


remperature Fracture Temper rempetr Fracture 
time sture iture time 


hr . hr 
192 y 1200 47.5 
14044 1200 1032 


The largest subgrains with the most sharply de- The size of the ‘‘etch figures” increased and their 
fined boundaries were obtained for the specimens | number decreased with increase in test temperature 
having the longest test times. | and with decrease in creep rate. 
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fracture at diffe rent 


FiGguRE 22. Subgrains in specimens afte 
temperatures 


Longitudinal sections A, B, C, D etched in equal parts NH,OH, H),O 
H,O. E and F etched in 20 g Cr Os, 3.75 g NH4Cl, 25 em? HNO; (con 
m® H SO, (conc.) and 450 em! H,O 
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Figure 23. Relation of temperature and second stage creep 
rate to the size and distribution of “etch figures’? in OFHC 
copper specimens after fracture at different temperatures and 


stresses. 
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Physical entities and mathematical representation, C. 
Page, J. Research NBS 65B (Math. and Math. Phys.) 
(Oct.— Dec. 1961) 70 cents. 

Certain basic postulates about physical observables yield the 
structure of their mathematical representation. Measure 
equations are contrasted with quantity equations, and meas- 
urement units with abstract units. The abstract vector 
spaces in which observables are represented comprise the core 
of dimensional analysis 

Systems of equations, units, and dimensions are discussed, 
along with on rationalization. The problem of 
assigning a dimension to angle is discussed, and a new proposal 
offered. 


comments 


Circumferentially uniform electroplating of tube bores, J. 
Young and H. I. Salmon, Plating 48, No. 7, 
1961). 

New procedures for plating the internal surface of tubes are 
described Data are presented giving the degree of cireum- 
ferential uniformity of thickness of deposits of chromium 
obtained with newly designed fixtures. The best procedure, 
in which a rotating anode was centered and insulated by a 
spirally wound rod of polyvinyl-chloride, resulted in deposits 
that deviated from uniformity by only 2 percent of the average 
thickness. The gun tubes used in this study had an inside 


diameter of 0.3 inch and a bore length of 20 inches. 


F. 
783; 887-8 (July 


Residual losses in a guard-ring micrometer-electrode holder 
for solid-disk dielectric specimens, A. H. Scott and W. P. 
Harris, 1960 Annual Report, Conference on Electrical Insula- 
tion, Natl. Acad. Sci.-Natl. Research Council, 11-17 (1961). 
A guard-ring micrometer-electrode holder especially designed 
for use in making dielectric measurements on_ solid-disk 
specimens of low-loss materials has been constructed. A 
method of determining the separation of the electrodes to + 1 
micron, using ball reference gages, is described. Residual 
losses in the guard-ring holder, and also in the bridge standard 
capacitor used in the Schering bridge employed for the meas- 
urements, caused by losses in surface films on the electrodes 
and by series resistance in the leads, were accurately measured. 
It is shown that at frequencies from 100 cycles per second to 
100 kilocycles per second these residual losses are not more 
than a few microradians. Using corrections thus obtained, 
the holder-bridge combination can be used to measure the 
losses of low-loss materials with greater accuracy than hereto- 
fore. 


Comparative pH measurements on papers by water extraction 
and glass electrode spot tests, J. H. Flynn and L. E. Smith, 
Tappi 44, No. 3, 223-228 (March 1961). 

The pH of a large number of experimental and commercial 
papers was determined by the TAPPI T435 cold extraction 
method and a method in which glass-calomel electrodes were 
pressed against the surface of the papers, moistened with 
either distilled water or 0.1 N KCl. 

The use of KCI instead of wate: gave better reproducibility, 
less time variation, and values, on an average, about 0.4 pH 
units lower. 

Correlation between the spot tests and extraction pH’s was 
rather poor, especially for papers of high extraction pH. 

Few generalizations could be made concerning the effect of 
the types of pulps or added chemicals upon the pH values. 
It appears that other variables in the papermaking, blending, 
and pulping cause considerable variation in measured pH 
values of the paper. 

Because of the complicated nature of the chemical and 
physical processes involved, none of the methods can be 
judged to be superior per se, but the spot test merits considera- 
tion in cases where a quick nondestructive method is needed. 
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An analysis of errors in the calibration of electric instruments, 
F. L. Hermach, Communication and Electronics, 1-6 (May 
1961). 

The often-stated rule of thumb that a standard must be ‘10 
times as accurate as the instrument to be tested” is evaluated 
by an analysis of errors in tests of electrical instruments, and 
is illustrated by examples. If each standard calibrated 
periodically and if corrections are applied so that determinate 
systematic errors are eliminated a much smaller ratio suffices. 
Such analyses, which are not difficult to make, should replace 
arbitrary accuracy ratios because of the economic and 
technical importance of correctly choosing standards, 
particularly in  multiechelon systems of standardizing 
laboratories. 


Is 


Optical calibration of vibration pickups at small amplitudes, 
V. A. Schmidt, 8S. Edelman, E. R. Smith, and E. Jones, J. 
Acoust. Soc. Am. 38, No. 6, 748-751 (June 1961). 

A photometric device for accurately measuring the amplitudes 
of sinusoidal vibrations is described. The device is designed 
for calibrating vibration pickups. The apparatus employs a 
Fizeau-type interferometer with a photomultiplier observing 
the fringe pattern. The method is applied to the measure- 
ment of vibrations throughout the audio and near ultrasonic 
frequency range with amplitudes ranging from 72 A to 4400 A. 
Extension to amplitudes as low as 5 A can be made with some 
modification to the apparatus. 


Simple adiabatic demagnetization apparatus, V. 1). Arp and 
R. H. Kropschot, Rev. Sci. Insir. Note 32, 217-218 (Feb. 1961). 
A simple and inexpensive adiabatic demagnetization appara- 
tus which uses a superconducting solenoid and an appropriate 
paramagnetic salt is described. The solenoid is wound with 
niobium wire and produces three kilogauss. Dysprosium 
ethyl sulfate is chosen as the paramagnetic salt for its chemical 
stability, high heat capacity, and high magnetic susceptibility. 
Temperatures of the order of 0.1 °K can be attained. 


An interferometric instrument for the rapid measurement of 
small diameters, D. H. Blackburn, Rev. Sci. Instr. 32, No. 2, 
137 (Feb. 1961). 

An instrument was developed for the rapid and accurate 
measurement of small diameters. The operating procedure 
consists of placing the test fiber between two optically flat 
surfaces and, using the fiber as a fulcrum, adjusting the upper 
flat until! the surfaces are parallel, utilizing the absence of 
interference fringes between the surfaces to indicate paral- 
lelism. Controlled tilting of the upper flat is obtained by 
adjusting, with a micrometer screw, a sliding wedge under a 
lever attached to the upper flat. Fiber diameter is a linear 
function of wedge position as indicated by micrometer screw 
setting. 


Gold-cobalt' or con- 
Powell, M. D. 
Corruceini, Cryogenics 1, 1389-150 (Mar. 


Low-temperature thermocouples. /. 
stantan versus copper or ‘‘normal’’ silver, R. L. 
Bunch, and R. J. 
1961). 

An apparatus for calibrating thermocouples from 4° to 300 °K 
is described. The reference junctions are in a lower chamber 
kept at fixed temperatures by various boiling cryogenic fluids. 
The variable junctions are in a gas-filled upper chamber. 
The temperatures of the upper chamber are determined by 
a helium gas thermometer below 20 °K and by a calibrated 
platinum thermometer above that. The apparatus has been 
used to obtain a detailed calibration table of the thermoelec- 
tric power and potential difference for constantan, gold-cobalt 
(Au-2.1 At % Co), and “normal” silver (Ag-0.37 At % Au) 
versus copper. At low temperatures the gold-cobalt versus 
copper has a significantly larger thermoelectric power than 
does constantan versus copper (respectively 16 and 6yv/°K 
at 20 °K), but unfortunately it is also more inhomogeneous, so 
that uncertainties in temperature measurement are approxi- 





mately the same. The ‘normal’ silver has a very small 
thermoelectric power versus copper. Results are included of 


inhomogeneity, annealing, and long-time stability tests. 


A transistor frequency meter, F. R. Bretemps and 8. Saito, 
Electronic Inds. 19, No. 10, 196 190 (Oct. 1960). 

\ transistor frequency meter is described which is used for 
checking signal generators. A 1 Me crystal is used for 
comparison. Power is supplied by a single mercury cell 
and loudspeaker operation is obtained. , 


Self-qualification of laboratories, A. T. McPherson, 
and Control Systems 34, No. 7, 1265 (July 1961). 

A plan is presented whereby objective standards can be estab- 
lished to enable a calibration or testing laboratory to rate 
itself with regard to: (1) the qualifications of its staff, (2) the 
adequacy of its facilities and equipment for the work under- 
taken, and (3) its performance in the periodic measurement 
or testing of “unknown”’ reference samples. Under the plan, 
standards would be set up in the specific fields in which the 
interest would be sufficient to warrant the expense of a 
reference-sample program The standards would be estab- 
lished by one or more central, nongovernmental agencies in 
which the laboratories, their customers, and independent 
scientific experts would be equally represented. The labora- 
tories participating in the plan would be authorized to report 
or publish their qualifications on a standard form. 


Instr. 


Post office mechanization, B. M. Levin, M. C. 
P. C. Tosini, Elec. Engr. 80, 105-110 (Feb. 1961). 
An approach to the mechanization of letter sorting called 
“‘codesorting”’ is presented. This approach utilizes a com- 
puter as an integral part of the system. The operational 
characteristics and requirements of the computer are 
emphasized. 


Stark, and 


The precision measurement of transformer ratios, R. 
Cutkosky and J. Q. Shields, JRE Trans. 
I-9, No. 2, 243-250 (Se pt. 1960). 

A procedure for measuring the voltage ratio between the 
two secondary windings of a three winding transformer is 
described. The application of this procedure to the calibra- 
tion of transformers with ten-to-one ratios is discussed in 
detail. Explicit formulas are developed which correct for 
the finite lead impedances and load admittances associated 
with the measuring system, and yield a value for the open- 
circuit transformer ratio. Detailed calculations are presented 
for measurements performed on a given transformer with 
results believed to be accurate to a few parts in 10°. 


D. 
Instrumentation 


Electrodes for pH measurement, R. G. Bates, J. Electroanalyt- 
ical Chem. 3, 93 (1961). 
The experimental pH value is defined in terms of a difference 
in the electromotive force or tension of a pH cell containing 1) 
the unkown” solution and 2) a standard solution of assigned 
pH. The pH cell consists of a reference electrode, a liquid 
junction, and an electrode whose potential is a function 
of pH. The potential or tension of the reference electrode, 
including that at the liquid junction, is assumed to remain 
unchanged while measurements (1) and (2) are being made and 
during the time interval between these measurements. 
Although the glass electrode is the most common pH-re- 
sponsive electrode, the hydrogen electrode, the quinhydrone 
electrode, and the antimony electrode all have their place in 
pH measurements. This paper describes these four indicator 
electrodes; the advantages, limitations, and ac- 
curacy and summarizes the information needed 
for a selection of the best electrode for each special measuring 
situation 


discusses 


of each one; 


A precision RF attenuation calibration system, C. M. Allred 
and C. C. Cook, JRE T. I-9, No. 2 
PGS—27 4 (Ne pl. 1960 

A new precision attenuation-calibrating system with greatly 
increased sensitivity, stability, and measurement range has 
been completed at the National Bureau of Standards, Boulder 
Laboratories. The increased stability and sensitivity are 
achieved by the use of a highly accurate piston attenuator 
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and precision phase shifter combined into a null system, The 
extended attenuation measurement range has been obtained 
by using a new mode launching system which is excited by 
essentially a constant current source of very high magnitude. 
The padding necessary for correct impedance matching is kept 
at a minimum by use of a special non-interactive combining 
network. 


A vibrating sample magnetometer, N. V. Frederick, 
Trans. Instrumentation 1-9, No. 2, 194-196 (Sept. 1960). 
A vibrating sample magnetometer has been designed and 
constructed. The instrument combines the advantages of the 
techniques employed by Smith and Foner. The instrument 
employs the pickup coil and sample geometry of Smith’s 
instrument and a vibration and measurement technique 
similar to that used by Foner. This combination of tech- 
niques makes unnecessary any modifications of the magnet 
employed and yet provides a system which is self-calibrating. 
The sample is mounted at the end of a Vycor” glass rod which 
is mounted in the plane of the magnet gap. The rod is vibrated 
in its gravest flexural mode. The vibration frequency and 
amplitude are controlled by feedback circuitry. The glass 
rod acts as a stable frequency source. The sample is vibrated 
parallel to the magnetic field and normal to the plane of the 
pickup coils which are mounted upon the magnet pole pieces. 
The voltage induced in the pickup coils is measured by a feed- 
back amplifier-voltmeter which allows accuracy of approxi- 
mately one percent. 


IRE 


A standard current transformer and comparison method 
A basis for establishing ratios of currents at audio frequencies, 
B. L. Dunfee, JRE Trans. Instrumentation I-9, No. 2, 231-236 
(Ne pl. 1960). 

Prompted by recent demands of Science and Technology, the 
Electricity Division of the National Bureau of Standards 
has entered a program for the accurate measurement of ratio 
and phase angle of current transformers at frequencies up to 
10 ke/s. The present paper describes a 1/1 Standard Trans- 
former having very small errors, designed to operate up to 100 
percent overload from 60 c/s to 10 ke/s, and the method used 
to establish its values to an accuracy of 5 ppm and 6 micro- 
radians. The 1/1 transformer and its assigned values of 
ratio and phase angles will serve as the basis for subsequent 
measurements and the evaluation of Standard Transformers 
of higher ratios. 


Comparison of four different methods of determining drying 
shrinkage of concrete masonry units, J. O. Bryson and D. 
Watstein, J. Am. Inst. 58, No. 2, 163-184 (Aug. 
1961). 
Four different procedures for determining the drying shrinkage 
of concrete masonry units were compared in order to deter- 
mine their suitability as possible standard test methods. 
The test procedures differed mainly by the conditions under 
which the specimens were dried and were designated RT-50 
(73° F and 50% R. H.), RT-30 (73° F and 30% R. H.), 
Modified British (122° F and 17° R. H.), and Rapid (220° 
235° F In addition to varying the drying conditions, the 
size and shape of test specimens were also varied. The speci- 
mens were whole block, face shells cut in half lengthwise, thin 
laminas removed from the block at right angles to the face 
shell, and “remnant”? block remaining after removal of the thin 
laminas. 
The drying-shrinkage test was performed using all four pro- 
cedures on both autoclaved and low-pressure steam cured 
block of sand and gravel, cinders, expanded slag, expanded 
shale, and pumic aggregates 
Considering the RT-50 Method as a basis of comparison, the 
ratios of the results obtained with the RT-30 Method to those 
obtained with the RT-—50 specimens ranged from 0.68 to 
.20 while for the Modified British procedure these ratios 
ranged from 0.92 1.35. For the Rapid Method, 
ratios ranged from 1.22 to 3.82. 
Considerable reduction in the time required for completion 
of the shrinkage test at room temperature was achieved by 
the use of a method developed at the NBS employing thin 
specimens 
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Static and dynamic calibrations of pressure measuring instru- 
ments at the National Bureau of Standards, I. C. Lloyd and 
D. P. Johnson, Automatic and Remote Control Proc. 1st 
Intern. Congress of IF AC, 274-280 (1960). 

Equipment developed or used at the National Bureau of 
Standards for pressure calibrations is described. For static 
calibrations this includes the controlled-clearance oil piston 
gage at high pressures, the air piston gage, the newly devel- 
oped inclined air piston gage, and precision mercury columns. 
l se of a compact form of the tetrahedral anvil apparatus for 
investigation of polymorphic transitions to pressures above 
100,000 atm is described. For dynamic pressure calibrations 
at pressures up to 3,500 atm a pressure-pulse generator of 
high amplitude accuracy is used, and for lower pressures the 
range of this equipment is overlapped by pressure pulses 
generated by a shock tube. The methods of use and the 
sources of error, and relative accuracies of these instruments 
are discussed. 


The NBS absolute gravity experiment, D. R. Tate, Proc. 2d 
Air Force Cambridge Research Center Military Geodesy 
Seminar, GRD Research Notes, 40 (Jan. 12-1 4, 1960). 

The experiment to measure the acceleration due to gravity 
at the National Bureau of Standards is described. The deter- 
mination is made by measuring the average speed of a freely 
falling object over two different but related distances. The 
object falls within a vacuum case which is itself falling with 
approximately the acceleration of gravity thus avoiding some 
of the practical difficulties of handling the object in a vacuum. 
The time over the two distances is determined by a photo- 
electric sensing unit and two crystal-controlled electronic 
timers reading to one-tenth of a microsecond. Lengths are 
measured not as lengths on an object but as the distances the 
object must move to trigger the timers on and off. 


Computer for weather data acquisition, P. Meissner, J. Cun- 
ningham, and C. Kettering, Proc. Fastern Joint Computer 
Conf. 18, No. 2.1, 57-66 (Dec. 1960). 

In order to meet a growing need for more rapid and detailed 
reporting of weather information, the U.S. Weather Bureau 


has been conducting an extensive program for the develop- 


ment of automatic weather stations. The National Bureau of 
Standards has had an opportunity to participate in this 
program and has developed a small, specialized computer 
for use as the control component in such a station. The 
computer is intended as a research tool for exploring the 
application of automatic data processing equipment to this 
type of problem. Basically, the computer must sample a 
number of weather-sensing instruments, suitably process the 
instrument data, and prepare outputs in the form of local 
displays and teletype messages. Since the machine 
internally programmed, it will afford a wide latitude in the 
processing of input data including the simultaneous compari- 
son of results obtained in different ways. 

The design of a computer for this application was felt to be 
justified on the basis of a number of special requirements. 
Among these are: 


is 


parallel inputs from a number of separate sources, 

multiple outputs in several forms, 

concurrent operation of input, 
processing functions, 

extensive reference tables with special instructions for 
their use, 

limited arithmetic capability, 

three-digit word length, 

7) computing speed need not be high. 


output, and data- 


Location of the plane of best average definition for airplane 
camera lenses, F. I. Washer and W. P. Tayman, Photo- 
grammetric Eng. 26, No. 3, 475-488 (1960). 

The location of the plane of best average definition for lenses 
used in airplane mapping cameras is discussed. The effective- 
ness of the use of an average value of resolving power both as 
a means of locating the plane of best average definition and as 
a figure of merit in rating the optical performance of lenses 
and lens-camera combinations investigated. Various 
methods of arriving at an average value of resolving power are 


is 
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described, such as area-weighted average resolution (AWAR), 
area and depth-of-focus weighted average resolution 


(ADWAR), and root mean square mean resolution y 37's. 
Location of the plane of best average definition by graphical 
analysis is given. A comparison of the various procedures 
using resolving power measurements obtained from four lenses 
with two emulsions are given. It is concluded that graphical 
analysis yields the most information and is simplest to use. 
Of the single-valued indices, such as AWAR, ADWAR, and 


V Rg7'3, ADWAR is the best suited for locating the plane of 
best average definition. In using any of the indices as a 
rating factor, careful judgment is necessary if the rating is 
to be significant. 


Humidity standards, A. Wexler, Tappi 44, No. 6, 180a (June 
1961). 

This paper describes and discusses instruments which may 
serve as primary and secondary humidity standards, including 
a gravimetric hygrometer, now under development at the 
National Bureau of Standards, to serve as its basic reference 
for humidity measurements. The use of precision humidity 
generators for producing atmospheres of known humidity 
outlined. Methods and techniques of obtaining fixed 
humidity points are given. 
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A high-resolution ammonia-maser-spectrum analyzer, J. A. 
Barnes and L. E. Heim, JRE Trans. Instrumentation I-10, 
4-8 (June 1961). 

A quartz crystal oscillator was phase locked to an ammonia 
beam maser to give a sufficiently monochromatic signal to 
enable the measurement of power spectra of other crystal 
oscillators multiplied from 1458 to 145,800 times in frequency. 
The perturbing effects of amplifiers introduced in the early 
stages of multiplication were observed. It was found that 
for maximum purity, de filaments on the oscillator and early 
stages of multiplication were essential. With this system 
it was possible to investigate sidebands and noise on various 
oscillators and determine which oscillators were most suited 
for precise frequency measurements with the National Bureau 
of Standards atomic frequency standards. 

Pulse voltage comparator measures height of positive or 
negative pulses, ©. B. Laug, Flectronics 34, No. 36, 70-71 
(Sept. 1961). 

A voltage comparator is described which responds to either 
positive or negative pulses of short duration by closing a relay. 
The comparator responds accurately to pulse widths of 50 
nano sec. or greater and duty factors as low as 10-7. The 
basic circuit consists of two series triggered blocking oscillators 
coupled to a switching circuit driving a relay. The effect of 
temperature on the | volt threshold is compensated by forward 
biased diodes. The nominal threshold voltage is held within 
0.5% from 0 to 50 °C for positive pulses. 


Digest of A general description of d-c digital voltmeters, C 
Stansbury, AJEE Trans. Paper 61-721 (Apr. 1961). 

The widespread use of measurement transducers producing 
continuously varying voltage signals has led to extensive 
development of apparatus for the conversion of such signals 
to digital form. The term ‘digital voltmeter’’ is applied to 
the class of such converters having as primary function the 
direct visual indication of voltage in the form of decimal 
digits. 

The advantages of digital voltmeters include feasibility of 
high accuracy superiority of reading characteristics, adapt- 
ability to code recording. Disadvantages include high cost 
and complexity and relatively low reliability compared to 
conventional scale-type instruments. 

The paper describes the design features common to all types, 
and the various voltage-comparison mechanisms commonly 
employed. Performance characteristics are discussed, in 

cluding accuracy considerations, coordination of resolution 
with accuracy and calibration. 

It has been evident for some time that this field of instrumenta- 
tion would benefit greatly from a degree of industrial standard- 
ization consistent with that existing for the older types of 
instrument. An ASA committee sponsored by AIEE, IRE, 
and NBS, has been organized for this purpose. 
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